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Abstract
The overriding hypothesis of this research is that the principles of clean technology and the 
innovative thinking required paired with fundamental engineering principles can be 
successfully applied to existing waste management practices. Odour control within a 
cavern, landfill leachate treatment and residue stabilisation are considered in this portfolio.
The scope for adopting clean technologies from the start point of waste management 
activities can only ever offer a limited range of possibilities -  less radical than might 
otherwise be possible. That said, huge efficiency improvements and economic savings were 
demonstrated in the context of standard environmental protection measures.
The range of solutions identified in the case studies mirror many of the characteristics of 
clean technology examples. The case studies highlighted the significance and powerful 
consequences of clean technology thinking even when applied to the limited domain of waste 
management practices.
It has been demonstrated that production and waste management processes can be modified 
in a number of ways short of rethinking them completely. The examples given in this thesis 
go beyond simple housekeeping measures using fundamental engineering principles to 
guide. For example the landfill leachate treatment scheme required an understanding of 
mass transfer and partial pressures of ammonia solutions as a function of pH; the tunnel 
model required the application of heat transfer mechanisms and an appreciation of reactor 
technology; the residue stabilisation case study required modelling of salts return processes.
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TITLE 
THE APPLICATION OF CLEAN TECHNOLOGY TO 
WASTE MANAGEMENT:
Innovative technologies and engineering in Waste Management
INTRODUCTION
Those familiar with environmental management terminology may find the title unusual; after all 
the terms “Waste Management” and “Clean Technology” belong to two different paradigms of 
environmental protection, embodying different principles. However, the following portfolio of 
work details how the principles of cleaner technology - and the innovative thinking that the 
application of those principles requires - can be successfully applied to waste management 
practices. The portfolio is presented through case studies; these demonstrate the economic 
and environmental gains available.
The range of solutions identified in the case studies discussed mirror many of the 
characteristics of clean technology examples. Furthermore the investigation provides unusual 
and reflexive insights, often with applicability outside the scope of the originally framed 
problem statement.
Seeking clean technology solely through the examination of existing waste generation 
practices is not advocated. Instead, the following case studies illustrate the range of possible 
applications of clean technology within the existing regulatory and economic frameworks.
By the very nature of the problems encountered (dealing with the waste once generated), 
applying clean technology in its fullest sense is not practicable - for instance a clean 
technology approach to landfill leachate might well be not to build the landfill in the first place. 
However, the case studies serve to highlight the significant and powerful consequences of 
clean technology thinking even when applied to the limited domain of waste management 
practices. It is further argued that applying fundamental engineering principles is key to 
unlocking the potential environmental and economic gains.
Paul Rutter
EngD
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1. THE CONTEXT OF POLLUTION PREVENTION & CLEANER
TECHNOLOGY
1.1 FROM END-OF-PIPE TO CLEAN TECHNOLOGY
Pollution control technology has typically focussed on the capture of wastes ‘at the end of the 
pipe’ and their eventual disposal through processing followed by dilution or burial. In recent 
years the limitations of this approach have become increasingly apparent. These limitations 
include: the rising awareness of global environmental risks; the growth of waste volumes"; the 
limits to waste disposal to land, sea and air; and the realisation that many end-of-pipe 
solutions to environmental pollution simply displace the problem elsewhere or create entirely 
new environmental hazards.2
From industry’s viewpoint the escalating costs of waste management and more stringent 
performance standards are cited as driving forces behind the rejection of end-of-pipe 
strategies1.
End-of-pipe approaches emerged as a more sophisticated attempt to deal with environmental 
problems in parallel with the formal adoption of dilute and disperse strategies. If there were 
‘safe’ levels of emission into the environment, then there might also be occasions on which 
emission levels exceed those considered safe. In these circumstances it was necessary to 
devise technological strategies to stop emissions leaving industrial factories and entering 
particular environmental media.4
A new model for corporate and public policy on the environment is emerging as the limitations 
of ‘end-of-pipe’ abatement systems are recognised. This model acknowledges the need for 
an integrated approach to pollution, analysing the overall impact of industrial processes'3 and 
products on the environment and seeking to reduce the impact across the different 
environmental media - soil, water and air.2
A multitude of terms and phrases define and describe this emerging preventative 
environmental paradigm. These terms include pollution prevention, source reduction, waste
a  It has been estimated that in the US alone 12 billion tonnes of industrial waste are generated annually -  that is 40  
tonnes per person1.
P This goes beyond the concept of Integrated Pollution Control (IRC) and the later Integrated Pollution Prevention & 
Control (IPPC); which focus on wastes and emissions from a prescribed process or plant only. Clean Technology 
takes a cradle to grave approach considering all aspects of the product’s life-cycle.
Paul Rutter
EngD
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reduction, waste minimisation, toxics use reduction, cleaner production and clean or cleaner 
technology4.
In theory, the newer set of terms refers to forms of preventative action that shrink the 
fundamental causes of environmental problems. These newer terms are becoming 
increasingly more popular than the traditional phraseology of environmental protection: 
pollution control, waste management and waste disposal. These older terms are 
characterised by their attempt to solve the environmental problems by reacting to the effects 
of pollutants.
The later phrases such as clean technology were introduced to try and capture the idea of 
production processes which were inherently cleaner, emitted less waste and were less 
environmentally damaging than their predecessors3. As mentioned above there is a plethora 
or new terms associated with this emerging paradigm, an attempt at defining the individual 
terms9 together with some examples is given below:
Pollution Prevention: There are a variety of definitions given to the term pollution
prevention1. However one recent definition14 is detailed as “Source reduction and other 
practices that reduce or eliminate the creation of pollutants through:
(i) increased efficiency in the use of raw materials, energy, water, or other 
resources; or
(ii) protection of natural resources by conservation.”
The US Pollution Prevention Act (1990)15 defines Source Reduction as any practice which:
(i) reduces the amount of any hazardous substance, pollutant, or contaminant 
entering any waste stream or otherwise released into the environment prior to 
recycling, treatment or disposal; and
(ii) reduces the hazards to public health and the environment associated with the 
release of such substances, pollutants or contaminants.
The US National Commission on the Environment16 subsequently made it clear that pollution 
prevention should be interpreted to include recycling and re-use of material which would 
otherwise be released as waste.
Internationally, the equivalent movement is Cleaner P roduction, defined by the United 
Nations Environment Programme (UNEP) as17
9 The definitions are taken from a compilation within Roland Clift’s chapter ‘Clean Technology and Industrial
Ecology’ within “Pollution : causes, effects and control”, edited by R.M.Harrison, Royal Society of Chemistry, 2001.
However the original references have been cited.
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“a conceptual and procedural approach to production that demands that all phases of 
the life cycle of a product or of a process should be addressed with the objective of 
prevention or minimisation of short- and long-term risks to human health and to the 
environment”.
Updated in 1996 by UNEP to 19:
“Cleaner Production is the continuous application of an integrated preventative 
environmental strategy to processes, products and services to increase eco-efficiency 
and reduce risks to humans and the environment”.
Articulated this way, Cleaner Production concentrates on reducing polluting emissions, with 
resource use and material efficiency included only by implication. However, Cleaner 
Production introduces something which is not made explicit in Pollution Prevention, that it is 
necessary to consider the entire life cycle; i.e. the complete supply chain of materials and 
energy leading to the product or process.
Regardless, pollution prevention and cleaner production embody source reduction and waste 
reduction and waste recycling. By way of an example consider the following case study 
concerning waste generated from dissolved air flotation units (DAFs) commonly found on oil 
refineries1:
Box 1 - Waste Reduction from a DAF Unit
DAF units are used to remove fine suspended oily solids from waste water by injecting an 
aqueous stream containing dissolved air into the waste stream. The dissolved air forms 
bubbles when it comes out of solution and carries suspended particles - which tend to 
concentrate at the bubble-wastewater interface - to the surface, where they form an emulsion. 
The emulsion is a hazardous waste.
One might examine the reduction in this environmental burden by examination of end-of-pipe 
technologies to recover oil and water from the emulsion stream - thus reducing the total 
quantity of effluent requiring disposal and returning oil to the process. However, techniques 
that reduce the quantity of sludge generated in the first place are preferable.
The oil in the stream entering the DAF unit is only present because it has been stabilized in 
suspended form in the wastewater by the presence of the solids. Reducing the solids loading 
reduces the oil loading. Note that separable oil is removed from the wastewater prior to the 
DAF unit, using simple gravity techniques.
By analysing the solids, the refinery found that hardness precipitation from cooling-tower 
blowdown was a major source of the particulate generating the waste emulsion. Therefore by 
re-routing the cooling-tower blowdown stream, DAF unit waste was reduced by 40%. This 
highlights the importance of not only generating information on waste streams but also 
understanding the mechanisms behind the waste generation.
Paul Rutter
EngD
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If one expands one’s view further, one may consider why the blowdown stream is generated - 
a function of the dissolved solids within the raw water. Therefore examination of techniques to 
pre-treat the raw water (for instance membrane technology techniques) should be considered 
in the light of reductions in effluent generation and avoidance of treatment chemicals within 
cooling towers and boilers.
It is this ability to step back from an isolated problem and examine the ‘bigger picture’ that is 
key to realising benefits from environmental reviews.
Going beyond Cleaner Production, Clean Technology* has been defined as18
“a means of providing a human benefit which, overall, uses less resources and 
causes less environmental damage than alternative means with which it is 
economically competitive”.
“Overall” means “over the whole life cycle”, as in the earlier UNEP definition of Cleaner 
Production. However, the definition of Clean Technology includes two elements which go 
beyond Clean Production (and possibly Pollution Prevention, although this is not clear from 
the definitions quoted above). The first is that Clean Technology concentrates not on products 
or processes, but on the benefit which the product or process provides. This focus on meeting 
human needs rather than providing material artefacts. The second new element is the idea of 
economic efficiency; i.e. efficient use of resources which could be deployed elsewhere. 
Almost any product, process or service can be “cleaned up” if enough resources are devoted 
to it; Clean Technology implies improvement through redesigning the product or process or 
rethinking the way the service is delivered. This underlines the distinction between Clean 
Technology anô Clean-up Technology (or “End-of-pipe Technology”).
To illustrate the concept of clean technology, an integrated approach to the design, 
manufacture and use of milk products is considered below in box 2.
Box 2 - The Problem of Milk Carton Wastage
In the UK, milk is available in the following containers: 1 pint (or 568ml), 2 pints and 4 pints. A 
study commissioned by the packaging industry association established that significant 
quantities of milk were being wasted. Based on this finding it was decided that smaller carton 
sizes should be made available - thus minimising the quantity of packaging requiring disposal.
Under this approach, greater masses of packaging are needed per unit o f milk sold, since 
smaller containers have a greater surface area per unit of stored volume. Hence, for 
environmental improvements to be achieved less milk needs to be sold.
6 It has sometimes been argued that Clean Technology should more correctly be termed C leaner Technology, on the 
basis that no technology can be absolutely clean. However, given that the definition given here is already 
comparative, there seems little point using the longer word. The phrase clean technology is thus consistently used 
throughout the thesis on this basis.
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If one presumes that milk is sold in rectangular containers and that the newly proposed 
containers only differ in height from the old containers, then the following observation can be 
made for changing from a 1 pint container to a % pint container:
>  To achieve an improvement in packaging volumes, over 20% less milk needs to be sold. 
Alternatively, if you consider why is the milk wasted, you may conclude that:
>  People tend to not drink the last of the milk because of an association that the last “dregs” 
are less fresh and unsuitable for consumption; and / or
>  Some customers consume so slowly that the milk eventually “goes off” and is discarded.
In the first case, waste is generated independently of the packaging size chosen - it simply 
reflects a social attitude - hence to minimise the quantities of waste generated you would be 
better off switching to larger carton sizes - not smaller.
In the second case, switching to smaller packaging size may prove beneficial. However, 
developing milk products that stay fresher for longer, through improvements in supply chain 
efficiency or production improvements would provide a win-win scenario - an appreciation that 
milk lasts longer, encouraging the purchase of larger quantities with less overall packaging 
waste.
Despite the above clarification the matter of term definition is still somewhat vague and open 
to interpretation and the terms are often used interchangeably. Consider the article published 
within the Journal of Cleaner Production20 relating to the application of pollution prevention and 
cleaner production with the mining industry. Here the terms cleaner technology, clean 
production, pollution prevention, waste minimisation are used interchangeably to describe the 
process plant modifications being undertaken within the mining industry: flue gas 
desulphurisation, chemical detoxification and waste water treatment. Whilst these measures 
have clearly benefited the local environment it is perhaps more appropriate to describe them 
as more effective end-of-pipe treatment measures.
The examples presented within this thesis relate to waste management practices. Clean 
Technology focuses on the service or function rather than the material or product, it is 
therefore considered more appropriate to consider clean technology approaches to waste 
management rather than any of the other terms describing the emerging environmental 
paradigm within environmental management. Clean technology approaches to waste 
management can therefore include staying within the same level of waste management 
hierarchy (reduce, reuse, recycle, disposal), whereas the alternative definitions lend 
themselves less convincingly to this argument. Furthermore the more explicit mention of 
economic efficiency within the definition of clean technology is an appropriate consideration; 
working as a consultant engineer whilst generating this thesis such considerations are of 
paramount importance to a client seeking such services.
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1.2 FEATURES OF THE EMERGING ENVIRONMENTAL PARADIGM
It is possible to introduce an end-of-pipe technology with minimal effects on any other part of 
the business. A comprehensive approach to clean technology within waste management 
facilities requires rethinking that cannot be confined in isolation to a particular process (or unit) 
within a plant2.
Thus clean technology approaches used within industry might begin with the narrow concern 
to ‘go beyond the end-of-pipe technology’, but their scope requires that the company in 
question examine its operations much more deeply, as demonstrated by the following features 
and strategies.
Key features of clean technology have been identified by Christie2 as:
• reduction in energy and material demand in processes
• improved energy and material efficiency within processes
• maximisation o f scope for closing the material loop in process and product 
design
• minimisation o f wastes at all stages from raw material extraction through to 
final disposal
Pollution prevention is characterised by improvements in the material efficiency and 
substitution of hazardous throughputs within a process plant and is encompassed in the 
following list of key strategies proposed by Jackson:3
1. Good housekeeping - improving the way in which materials are purchased, stored or 
conveyed. Good housekeeping means identifying and reducing leakage and spillage, 
carrying out regular maintenance and improving inventory controls. A particular 
prerequisite for good housekeeping is to implement regular waste reduction audits - to 
track material flows and monitor process efficiencies and identify opportunities for waste 
reduction.
2. Implement internal recycling - In many industrial processes there are opportunities to 
collect materials after they have been used and recycle them for the same or another use 
within the process. This reduces material emissions from the process and reduces the 
need for raw material inputs.
3. Other Process modifications - for example the segregation of waste streams to aid 
recovery and recycling, or improved process control.
Paul Rutter
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4. A continuation of the idea of process modification is the implementation o f cleaner 
technologies. These are generally processes which differ from the original in that they 
possess inherently better material efficiencies or inherently reduced reliance on hazardous 
materials. Examples include the development of membrane technology to replace 
electrolysis in the chlorine industry.
5. Input substitution - hazardous raw material inputs are replaced with less hazardous 
materials. For example, the Swedish lighting company, Thorn Jarnkonst, substituted the 
oils which they used to cut aluminium sheets with a biodegradable oil. This change 
allowed them to replace the tri-chloroethylene degreaser (needed to remove the oils) with 
an alkaline degreaser. The alkaline degreaser was cheaper and did not require the 
installation of expensive recovery equipment.3
6. Product reformulation - for example the development of non-CFC based aerosol sprays. 
Reformulating the product can also lead to multiple advantages: reduced material 
throughputs, fewer hazardous throughputs and emissions from the industrial process and 
safer products.
It is clear therefore that the two terminologies share common positions on all key areas with 
the exception of the boundary applied to the analysis. However, as numerous authors have 
noted,1'2'3'7 the selection of the boundary of investigation plays a key role in determining 
whether a strategy does in fact prevent pollution and that the burden has not been shifted to 
another location - the dilemma of displacement.
Clean technology, pollution prevention and cleaner production are not simply a technological 
development, they are new ways of thinking about processes and products.
1.3 REASONS FOR ADOPTING CLEAN TECHNOLOGY TECHNIQUES:
In a survey conducted among a number of corporate environmental managers2, the sample 
was asked for the key reasons behind their investment in environmental management and 
clean technologies. The top five very important influences were:
• Compliance with regulation - generally seen as a positive stimulus to innovation and an 
authority for senior management to invest. The importance of regulation and the 
anticipation of regulation have been shown to be the most significant influence in corporate 
environment-related decisions.
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"The extent to which the clean(er) production route is available will vary between sectors 
and firms. There has arguably been an under-investment in waste reduction in the past, 
but tighter environmental regulation together with rising waste disposal costs have created 
new opportunities and drawn attention to the opportunities already available".8
• Financial benefits - through both improved productivity and reductions in total waste 
volumes requiring disposal. This is the win-win scenario of enhancing resource 
productivity and economic competitiveness by producing more from less. From these 
clean(er) technology processes both shareholder value and the environment can benefit8.
• Customer pressure - many companies were found to be improving their environmental 
performance as a result of corporate customer requirements - so called supply chain 
pressures. For example, Swedish automobile-maker, Volvo, has given environmental care 
equal priority alongside its two established core values - safety and quality. As such Volvo 
has begun to include environmental factors in supplier audits5.
• Contribution to competitiveness - as dictated by improvements in both financial benefits 
and often improved public relations.
• Commitment to Environmental Responsibility as part o f the Company’s Values -
good UK examples of this include The Body Shop and B&Q.
1.4 ESTABLISHED WASTE MINIMISATION SCHEMES - EASY VIRTUES
The Aire and Calder project was established in 1992 to address water pollution problems in 
the Aire and Calder catchment area in Yorkshire, UK. 11 companies took part - resulting in 
combined savings of £12 million per year. Similar schemes, less focussed on water pollution 
problems, have also shown similar benefits: Project Catalyst (Mersey basin, UK), Prisma 
Project (waste minimisation in Rotterdam and Amsterdam, Holland), and the Landskrona 
project (Sweden)3. Each clearly demonstrates the existence of cost effective opportunities to 
improve environmental performance8.
Most of the savings were achieved through relatively simple process changes - although some 
clean technologies were implemented. In the Aire and Calder project good housekeeping 
arrangements alone accounted for 40% of the savings opportunities, whereas on-site reuse of 
materials accounted for 12%.8
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A criticism of the Aire and Calder project was that companies should have been ready to 
install fundamentally clean technologies rather than opt for simple housekeeping measures. 
An indicator of the levels of wastage found are embodied in the example from project catalyst 
concerning Colgate Palmolive see box 3 below:
Box 3 - Colgate Palmolive, an example of poor housekeeping
A survey at the company’s soap factory revealed a tremendous amount of water wastage from 
several easily corrected sources. The initial survey revealed that good-quality town water 
rather than bore water was used to spray condensers. Water was also wasted through hose 
pipes left running and an emergency eye wash fountain left on continuously and used as a 
drinking fountain. Actions to remedy this wastage cost nothing and cut town water 
consumption by 140,000 cubic metres per year.8
There are many examples of win-win scenarios through simple waste minimisation projects -  
for example the SABINA project around the Severn Estuary11. The adoption of waste 
minimisation strategies alone - although an important step in the process of reducing 
industry’s environmental burden - does not equate to a sustainable system of industrial 
production.
Win-win is about enhancing resource productivity and hence economic competitiveness by 
producing more from less. However, this simplified win-win double dividend can create 
unrealistic expectations that are not universal among industrial sectors.
The substantial savings associated with clean technology have been viewed by some as 
insignificant against a company’s overall turnover - or for that matter when compared with the 
cost of an organisation’s total environmental spending8. This somewhat pessimistic view is 
tempered by the views of a number of corporate environmental managers, who note that 
savings associated with cleaner technology improved the company’s profitability -  “the bottom 
line”2.
If there were always measures that would reduce environmental impact and save the 
company money for very little or no investment, then nobody would be happier to protect the 
environment than industry. Whilst there are instances where this will be true, there remain 
circumstances when this is not the case. For one thing there are situations in which the 
structure of costs and benefits within the firm simply does not reflect an accurate picture of 
economic disadvantages to society of pollution3. Certain kinds of costs - such as 
environmental damage - fall on the community at large rather than on those whose actions are 
responsible for causing them. Such costs lie outside the scope of the accounting framework 
of the polluter and are often called external costs - or externalities.3
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In all probability, the “bottom line” for corporate enterprises is an economic one. The 
sustainability agenda is an attempt to harmonise this traditional financial bottom line with 
emerging thinking about the environmental bottom line, and increasingly this is linked to social 
justice.5
By way of a concluding remark, Jackson3, dismisses the idea that the potential for cost- 
effective pollution prevention has been fully exploited : “time and time again experience has 
shown that pollution prevention opportunities remain undiscovered until a firm specifically 
searches for them”.
2. CHEMICAL ENGINEERING - A TOOL FOR INNOVATION
As a chemical engineer one is trained in mass and energy balances at the start of an 
undergraduate degree course. It is these fundamentals that form the basis for much of the 
environmental auditing and waste minimisation work carried out to date. Chemical 
engineering as a discipline, however, covers far more than just mass and energy balances, for 
example heat & mass transfer, fluid properties, combustion processes, thermodynamics, 
reaction kinetics and economic appraisal to name but a few.
There is much published environmental engineering literature, both academic and 
manufacturer-based, on the individual merits of various technologies for specific ‘end-of-pipe’ 
waste management applications and their comparative economic and environmental 
performance. Indeed the chemical engineering strength of Japan and Germany is cited as a 
major driving force behind their strong market presence within the emission abatement 
technology sector8.
In the UK, schemes such as Aire and Calder were started to encourage new approaches for 
clean technology (mainly through waste minimisation), reducing the reliance on end-of-pipe 
technologies. These schemes demonstrated the economic incentive in such an approach - 
many of the financial benefits were established at minimal capital investment. As a result 
there has been a move toward encouraging individual companies to seek out similar savings. 
Support for such schemes is usually through government and individual trade organisation 
sponsored information publications, for example the “Environmental Technology Best Practice 
Programme" sponsored by the DTI.
Critics of this dissemination of information argue that such methods of presentation contribute 
to the belief that the techniques highlighted are process specific1. In fact, many waste 
reduction techniques can be broadly applied to the unit operations that make up most
Paul Rutter
EngD
20
Overarching Document
Thesis & Contribution to Knowledge
processes. Chemical and process engineers are ideally placed to apply and integrate such 
generic pollution prevention techniques within industry.
To formulate these generic pollution prevention techniques, texts are now starting to appear - 
for example Allen and Rosselot1 and Thibodeaux9. An understanding of the mechanisms 
behind pollution release is an obvious and essential component in facilitating the re-evaluation 
of process design to minimise pollution. To that end, mass transfer expressions to evaluate 
emissions from various process operation steps (for example aeration basins, storage tanks) 
are now presented in forms that are applicable to a wide range of industry sectors.
Examples of the emergence of chemical engineering considerations to clean technology are 
highlighted below:
• Reactors are a key element in most chemical processes, particularly in relation to waste 
generation - therefore an understanding of chemical reaction kinetics is needed to minimise 
waste production. Operating reactors under conditions that favour minimal waste reduction 
might involve changes in reaction conditions or indeed altering the reaction chemistry.
• Mass-exchange network synthesis (MEN) provides a systematic framework of analysis for 
determining the extent to which a pollutant in a waste stream can be transferred into a 
stream in which it has a positive value1 - akin to the pinch technology used to 
systematically optimise heat transfer operations on large production facilities. It is chemical 
and process engineers who have the necessary training to apply such concepts within 
industry.
• Processes that are under initial development pose different challenges because the design 
of a chemical process involves many decisions. To systematically address flow-sheeting 
decision-making, a hierarchical design approach in which decisions are made sequentially 
at a variety of levels has been developed1. This allows waste reduction to be incorporated 
at all stages of the design process from the initial input information through to energy 
integration and safety.
Early environmental management within organisations sought to address the issue of waste 
through simple auditing using mass balance techniques. Indeed, such was the level of 
resource wastage, that these proved extremely successful, often requiring little or no capital 
expenditure to realise those benefits. Further environmental performance improvements that 
avoid or minimise the need for ‘end of pipe strategies’ will not be achieved with quite such 
simplicity. Nevertheless, there remains considerable scope for examining these systems by
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applying fundamental engineering principles to an integrated understanding of the process in 
question, often in innovative and challenging ways.
3. THESIS
Chemical engineers have a unique role to play in addressing the environmental problems of 
pollution generated by industrial activity - indeed the express aim of the EngD programme is to 
develop engineers with a real understanding of the environmental implications of engineering 
solutions. As part of undertaking the EngD programme I have worked for Richard Paxton 
Associates, an engineering consultancy specialising in waste management.
The overriding hypothesis of this research is that the principles of clean technology 
and the innovative thinking required paired with fundamental engineering principles 
can be successfully applied to existing waste management practices. Odour control, 
landfill leachate treatment and residue stabilisation are considered in this portfolio. Significant 
improvements in environmental and economic performance are available through these 
approaches relative to standard waste management practices^.
Each of the waste management practices considered is subjected to the following appraisal 
methodology:
• The use (and development) of standard engineering theory to model systems with an 
environmental impact, in doing so further expanding the knowledge base surrounding 
the use of engineering theories to minimise environmental impact.
• The assessment of each waste management system and possible innovative 
solutions that integrate existing site issues and facilities to minimise the overall 
environmental impact and economic cost of waste management.
Production and waste management processes can be modified in a number of ways short of 
rethinking them completely (which is only likely to be done when a new product is introduced 
or a new plant is built). The examples given in this thesis go beyond simple housekeeping 
measures and use fundamental engineering principles as their guide.
The solutions generated from the above methodology are then examined against the key 
strategies, features and recognised barriers to the uptake of clean technology1,2,3 in order to 
test the central premise of the thesis, namely that the principles of clean technology and the 
innovative thinking required paired with fundamental engineering principles can be
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successfully applied to existing waste management practices. The questions asked are as
follows:
a) Information concerning the mechanisms of waste generation is important in 
implementing cleaner processes. By itself, physical characterisation of the waste 
streams provides adequate information to implement the types of controls used in 
traditional waste strategies, but the origin of the wastes must be understood in order to 
develop strategies that prevent generation of secondary emissions1 (for instance from 
waste treatment operations). “The why rather than the what is key”.
b) Process redesign or replacement based on clean technology principles can be a 
lengthy and complex project involving considerable testing and experimentation 
with unproven alternatives. End-of-pipe solutions are generally proven technologies, 
readily available from suppliers as ‘off the shelf solutions, and are often reasonably quick 
to apply. To what extent are the pressures of time deadlines for regulatory compliance and 
the unproven nature of many of the proposed solutions a barrier to the uptake of cleaner 
production solutions?
c) The identified reasons2 for undertaking clean technology apply in solutions 
identified for waste management practices. In practice which of regulatory compliance, 
financial benefit, supply chain pressure and corporate strategy are considered in the case 
studies undertaken?
d) The case studies presented should be thought of as environmental improvements.
Which of the six key pollution prevention strategies identified by Jackson3 mirror instances 
where clean technology methodology is applied to waste management practices?
^ By existing waste management practices I specifically refer to end-of-pipe approaches that provide isolated 
solutions that have minimal impact on other site activities.
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4. DEFENCE OF THE THESIS
Each of the hypotheses is now tested against the findings of four separate case studies 
undertaken between 1994 and 1998.
4.1 TEST CASE 1 - ODOUR CONTROL SYSTEM - WASTE TRANSFER STATION 
Background
A government tender required contractors to bid for a project to build a refuse transfer station5 
within an excavated cavern inside a mountain on Hong Kong Island6. Richard Paxton 
Associates’ role was to act as consultant to the main contractor bidding against the tender 
specification. As such RPA were asked to provide designs for an odour control system and 
liquid effluent plant based on pre-determined flow and concentration parameters calculated by 
others.
An integrated design utilising an odour scrubber to provide the necessary aeration within the 
biological effluent treatment plant was proposed by RPA. This design was not included in this 
case study since others within RPA undertook the task. However, the use of innovative 
thinking and reactor modelling techniques to limit the required air extraction volumes is 
included since this research engineer had a direct involvement.
Key Considerations:
Indicator Measure
Client
Duration of Consultancy 
Result of Investigation
Large multi-national waste management contractor. 
(Confidential).
12 weeks. Modelling work required 8 weeks. 
Successful reduction in extracted air volume 
requirements. Examination of waste management 
issue from a prevention (or minimisation) 
perspective altered the overall design with 
significant knock on benefits in terms of equipment 
capacities and excavation volumes. The contract 
was awarded to the RPA client and construction 
was completed in 1997.
5 A  refuse transfer station is a centralised collection area where waste collection vehicles (R CV) unload household 
waste. The waste is compacted and transferred into containers for transport to final disposal - in this instance a 
landfill. The compaction and material handling activities give rise to emissions of both odour and a biologically 
degradable liquid waste.
E The real estate and undesirability of positioning a transfer station in Hong Kong Island are such that the 
government specified the location within a mountain.
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Thesis Defence
Parameter Test Case Finding
Applied innovative thinking 
backed by engineering theory 
is key to the successful 
application o f clean technology 
strategies to waste 
management.
Information concerning the 
mechanisms o f waste 
generation are important in 
implementing the solution.
Process redesign or 
replacement based on clean 
technology principles can be a 
lengthy and complex project 
involving considerable testing 
and experimentation with 
unproven alternatives
To what extent do the 
identified reasons for 
undertaking clean technology 
strategies apply in solutions 
identified for waste 
management practices?
The theory of continuously stirred reaction vessels was 
utilised to model temperature and pollutant concentration 
variations within the tipping hall cavern. A plug flow model 
evaluated the service tunnel entrances to the tipping hall. 
All equipment and RCVs are evaluated as point source 
emissions of pollutants and heat energy.
This novel approach was favoured over applying 
standardised methodologies for ventilation specification 
within road tunnels -  which predicted large extraction 
volume requirements.
The net result was to provide an extraction system suited 
to the specific application. Therefore the size of emission 
abatement equipment required was significantly reduced. 
A further corollary of this reduction reduced the cavern 
size required, reducing rock excavation.
Emissions of mass and heat from individual mechanical 
equipment items: RCVs and compactors were required 
together with individual RCV movements within the 
transfer station relative to the size and layout of the 
transfer station.
Additionally, the interaction between individual equipment 
items and the transfer station’s cavern wall was included.
The critical path in specifying the design of the transfer 
station became a function of the modelling work on 
extracted air volume requirements. The complexities of 
incorporating the integration of the air extraction system 
into the cavern design and vehicle movements required a 
significant increase in design effort over that required to 
design an odour control system based on a fixed air 
extraction volume.
In this instance there was sufficient confidence in the 
modelling work for the final system to be built based on 
the modelling work without the need for further testing or 
experimentation.
The decision by the client to fund the investigation was 
based entirely on the perceived financial gains available. 
Regulatory issues -  meeting acceptable working 
temperatures, NOx and GO concentrations - bound the 
scope of the problem and were not considered a stimulus 
for the approach taken.
• The approach ensured the competitiveness of the finally 
submitted tender design and its subsequent 
implementation.
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The case studies presented 
should be thought o f as 
environmental improvements
The method o f investigation 
provides unusual and reflexive 
findings with wider applicability 
than the constraints o f the 
originally framed problem  
statement.
• Temperature monitoring within the cavern provides an 
effective early indicator of potential air quality issues:
4.2 TEST CASE 2 - METHANOGENIC LANDFILL LEACHATE TREATMENT 
Brief Project Background
A waste management contractor responsible for the operation of a newly constructed landfill 
site was given five years to find a suitable treatment route for leachate generated at the site. In 
the interim period the municipal sewage works would take untreated leachate from the landfill. 
After the five year period of "grace" the leachate would have to meet the discharge criteria 
(e.g. total nitrogen < 200 mg/l). The raw leachate is characterised by very high ammonia 
content, averaging 4,500mg/l.
The landfill operator had successfully operated a pilot scale biological nitrification / 
denitrification process at the landfill. The high levels of ammonia present necessitated a large 
soluble organic carbon requirement (e.g. Methanol) for the denitrification process and 
therefore high operating costs. The landfill operator asked RPA to consider alternate 
processes options. From this initial investigation, an integrated design around air stripping at 
elevated temperatures was developed as an appropriate alternative.
• The design is characterised by efficient use of ventilation 
air in ensuring safe working conditions. The smaller 
volume of air thus requires less processing, saving 
electrical power and reducing material wastage.
• Reducing the extraction rate reduced the size of odour 
control equipment required, but more significantly 
reduced the rock excavation requirements by 40%. Thus 
reducing project costs and the impact of rock excavation.
• An additional compactor within the cavern was instigated 
to minimise vehicle unloading times within the cavern.
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Key Considerations:
Indicator Measure
Client
Duration of Consultancy 
Result of Investigation
Waste Management Contractor (confidential)
18 months (not full-time) including construction and 
subsequent evaluation of air stripping pilot plant 
A viable alternative to biological nitrification and 
denitrification process was found. 97% of ammonia 
in methanogenic landfill leachate solution can be 
removed without pH correction - through alkali 
addition. The process relies on thermal energy 
supplied by landfill gas. A later LCA highlighted that 
potential environmental benefits depend strongly on 
the system boundary chosen. Construction of the 
full-scale plant began in 1998.
Thesis Defence
Parameter Test Case Finding
Applied innovative thinking 
backed by engineering theory 
is key to the successful 
application o f clean technology 
strategies to waste 
management.
Information concerning the 
mechanisms o f waste 
generation is important in 
implementing the solution.
Examination of the landfill site as a whole rather than 
focussing on simply the leachate resulted in a design not 
reliant on externally purchased materials, but instead 
using available landfill gas.
Solution and phase equilibrium considerations highlighted 
the economic potential of ammonia removal without the 
need for significant pH modification - based on 
predictions from laboratory beaker tests and an absence 
of concrete data sources.
Following construction of a pilot plant mass transfer data 
are presented.
Applying Life Cycle Assessment tools allows further 
perspective on potential improvements, including the 
probability that a biological effluent treatment route is 
environmentally favourable in instances where landfill gas 
capacity can be used externally from the landfill site.
The understanding of methanogenic breakdown
processes within landfill leachate led to the initial belief 
that carbon dioxide would be present in an air strippable 
form from the leachate solution. This starting observation 
was key to the belief that 95% of the ammonia could be 
removed from solution at a pH of less than 11.
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Process redesign or 
replacement based on clean 
technology principles can be a 
lengthy and complex project 
involving considerable testing 
and experimentation with 
unproven alternatives
To what extent do the 
identified reasons for 
undertaking clean technology 
strategies apply in solutions 
identified for waste 
management practices?
The case studies presented 
should be thought o f as 
environmental improvements
The method o f investigation 
provides unusual and 
‘reflexive’ findings with wider 
applicability than the 
constraints o f the originally 
framed problem statement.
• A commitment from the waste management contractor 
was required to support both the initial design effort and 
laboratory test work.
• Having identified potential opportunities a further 
commitment to a pilot plant scale test programme was 
required.
• The integration of air stripping, leachate heat transfer and 
landfill gas combustion is a significantly more complex 
arrangement than the alternative biological system.
• The decision by the client to fund the investigation was 
based entirely on the perceived financial gains available. 
The contractor was committed to an operating contract 
requiring least overall costs over a 25-year period.
• Regulatory issues - meeting acceptable sewer discharge 
concentrations - bound the scope of the problem and 
were never considered a stimulus for the approach taken.
• Waste minimisation - the use of greater quantities of 
landfill gas in the treatment process.
• Selection of a process route not so reliant upon externally 
purchased raw materials -  in effect the substitution of 
imported methanol with an increased reliance on landfill 
gas.
• Carbon dioxide dissolved in solution can be exploited to 
achieve ammonia removal without pH correction. Mass 
transfer correlations are presented to that effect.
• The biological alternative is penalised in the 
environmental assessment by virtue of requiring an 
organic carbon source derived from a non-renewable 
energy source.
• In most environmental categories the environmental 
burdens associated with methanol production are greater 
than those from energy requirements of the entire bio­
plant design.
A combination of both technologies has potential 
applications where insufficient landfill gas volumes are 
available - particularly toward the end of the aftercare 
period of the landfill site operations.
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4.3 TEST CASE 3 -  HAZARDOUS WASTE TREATMENT FACILITY 
Brief Project Background
Richard Paxton Associates produced the detailed design for an integrated waste treatment 
plant. The company’s technical director - Richard Paxton, evolved the original design 
concepts. In essence the facility is designed to take in a wide variety of tankered and 
drummed industrial liquid chemical waste; treating the waste to form a filter cake suitable for 
landfill and a filtrate that passes to sewer. The treatment objectives are achieved through 
controlled chemical reactions - utilising wherever possible other waste streams as reagents.
Despite the practical nature of this project there are areas which, whilst not considered an 
“ innovative application of engineering theory”, but instead do demonstrate some of the 
innovative lateral thinking approaches central to clean technology approaches and process 
efficiency improvements. In particular the optimal use and reuse of a building’s air volume and 
using a chemical fume scrubber as a cooling tower for the oil/water separation plant were 
examined.
Key Considerations:
Indicator Measure
Client
Duration of Consultancy 
Result of Investigation
UK Waste management contractor 
6 months part-time up until the completion of the 
tender design.
The mechanisms for reducing overall air extraction 
volumes were successfully part of the finally built 
waste treatment plant.
The scope of the oil separation plant was 
significantly reduced as part of a cost reduction 
exercise; hence the heat separation of oil/water 
mixtures was deleted from the final design along 
with the need for an integrated cooling mechanism.
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Thesis Defence
Parameter Test Case Finding
Applied innovative thinking 
backed by engineering theory 
is key to the successful 
application o f clean technology 
strategies to waste 
management.
Information concerning the 
mechanisms o f waste 
generation are important in 
implementing the solution.
Process redesign or 
replacement based on clean 
technology principles can be a 
lengthy and complex project 
involving considerable testing 
and experimentation with 
unproven alternatives
To what extent do the 
identified reasons for 
undertaking clean technology 
strategies apply in solutions 
identified for waste 
management practices?
Lateral thinking of optimal extraction rates and re-use of 
extracted air volumes minimised the volumetric demand 
for the odour control system.
Understanding of worst-case gas release mechanisms 
and the use of innovative bypass arrangements ensured 
that dedicated chemical scrubbers were not oversized to 
meet the worst gas release rates.
Taking a holistic approach to the site, the cooling source 
for the products of waste oil separation was found by 
considering the main chemical scrubber as a potential 
cooling tower. Heat transfer calculations confirmed that 
the mechanism was practical.
The treatment plant was designed to accept hazardous 
waste from industrial sources and represent a classic 
end-of-pipe solution (in this case an end-of-tanker hose 
solution) to different industrially generated waste effluent 
streams. The plant is dependant on the waste streams 
for the co-disposal of other waste streams - 
neutralisation, reduction, precipitation etc.
In this instance, the clean technology principles 
highlighted were essentially applied common sense and 
were not complex and thus did not require experimental 
verification.
Seeking out efficiency improvements required greater 
design effort than would have otherwise been the case. 
For example the ductwork system was designed without 
balancing dampers to minimise the power required to run 
the extraction fan.
Standard equipment was specified, 
technologies were required.
No novel
Financial gain was the prime driver in seeking out 
efficiency improvements within the odour control system 
and oil/water separation unit.
Regulatory issues framed the requirements for the odour 
control system.
Planning consent hindered the implementation of the 
optimal solution to minimise worst case gas releases into 
the building.
30
Overarching Document
Thesis & Contribution to Knowledge
Paul Rutter
EngD
The case studies presented • 
should be thought o f as 
environmental improvements
The method o f investigation • 
provides unusual and 
‘reflexive’ findings with wider 
applicability than the 
constraints o f the originally 
framed problem statement.
4.4 TEST CASE 4 - MANGANESE RESIDUE DISPOSAL 
Brief Project Background
Electroplating from a manganese sulphate solution buffered with ammonia produces high 
purity manganese metal. The manganese ore is converted into the aqueous form by reducing 
the pyrolusite ore at high temperatures followed by dissolution in sulphuric acid. The original 
ore contains various impurities including iron, silica and traces of heavy metals that must be 
removed prior to the electroplating process step. Impurities are therefore precipitated from the 
process as thickened sludge and eventually exported off-site as a filter cake. Historically the 
company had dumped this filter cake material into an unregulated landfill.
Faced with regulatory pressure to treat its waste residues, the production company embarked 
on a test program to examine disposal alternatives. The solution proposed was to chemically 
inert the solid waste material with calcium oxide to generate a material suitable for disposal to 
a general landfill -  the “inerted” material released very little toxic metals during a simulated 
leach test (the TCLP). The company proceeded to build a pilot scale inerting plant based on 
these principles and continued to demonstrate to the regulatory authority that the material was 
suitable for a general landfill [an undertaking given by the company to the regulator from the 
outset].
Richard Paxton Associates were initially asked to critically evaluate the design proposals that 
followed the successful operation of the pilot plant -  primarily with a view to highlighting 
potential capital cost savings.
The design of the odour control system is characterised 
by the efficient use of ventilation air. The smaller total 
volume of air required less processing, saving electrical 
power and reducing material wastage.
Considering the chemical scrubber as a cooling tower 
produced a net saving in electrical energy demand 
relative to the alternative air-cooled heat exchanger 
arrangement.
Cascading the air extraction requirements had the 
unexpected benefit of avoiding the need for low-level 
extraction points within the building. Since all the tanks 
were fitted with lids, air required for clearing the 
headspace gases would enter the tank via overflow pipes 
that terminate at low levels.
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Key Considerations:
Indicator Measure
Client
Duration of Consultancy 
Result of Investigation
South African based manganese metal 
electroplating company (confidential).
14 months (up until the completion of the revised 
inerting plant design).
Through a holistic analysis and mass balance of 
their operational site and disposal site we were able 
to highlight the long term liability of their proposed 
end-of-pipe treatment strategy together with the 
missed potential for return of valuable materials 
back into the process.
In combination with the producer, RPA embarked 
on a new laboratory test programme and eventually 
proposed an integrated design solution to their 
residue inerting problem that exploited salts return 
to the production process.
The construction of the “clean technology” inerting 
plant was cancelled for capital cost reasons. The 
waste producer successfully challenged the 
regulator and is thus proposing to continue to place 
untreated material within a hazardous waste landfill.
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Thesis Defence
Parameter Test Case Finding
Applied innovative thinking 
backed by engineering theory 
is to the successful application 
o f clean technology strategies 
to waste management.
Information concerning the 
mechanisms o f waste 
generation is important in 
implementing the solution.
Process redesign or 
replacement based on clean 
technology principles can be a 
lengthy and complex project 
involving considerable testing 
and experimentation with 
unproven alternatives
• The pore water of the filter cake produced from de­
watering the thickener underflows still contained 
appreciable quantities of manganese, sulphate and 
ammonium.
• The clean technology approach of returning soluble 
manganese and ammonia salts increased the efficiency 
of the manganese plating process, whilst simultaneously 
reducing the cost and risk of residue disposal, was 
quantified and proven.
• Modelling the filtration and washing stages to return 
valuable materials back to process was required to 
understand the various economic trade-offs -  utilising 
ever more wash water to return soluble salts, produced 
a more dilute return liquor requiring further processing.
• The company were unwilling to sanction an investigation 
into alternate methods of removing manganese metal 
from ore that avoided wasting valuable circuit solutions 
containing manganese (Mn), sulphate (S 04) and 
ammonium (NH4). These burdens are primarily in the 
final waste as a result of the purification stages to 
remove iron and silica.
• The brief remained the examination of the waste 
produced by the current manufacturing process; Hence 
the focus of the consultancy work centred on 
improvements to an essentially end-of-pipe waste 
management practice rather than examine alternate 
mechanisms of removing the iron and silica impurities.
• An understanding of the electroplating chemistry and 
analysis of the various effluent streams was necessary 
in order to formulate an integrated strategy that included 
the site’s existing evaporator, liquid effluents and solid 
residues.
• The client required confirmation of the suitability of the 
integrated solution within the regulatory framework. This 
delayed implementation of a solution to the waste 
management issue by 6 months.
• The counter current contactor modelled as a means of 
salts recovery was not considered sufficiently proven. 
The client was unwilling to sanction pilot scale 
demonstrations that would have further delayed the 
project.
• The integrated waste management solution finally 
designed by RPA for the client was significantly more 
complex than the originally proposed lime only end-of- 
pipe solution. It requires the linking of all site effluents 
with the new inerting plant in addition to the site’s 
existing electroplating circuits and evaporation facilities.
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To what extent do the 
identified reasons for 
undertaking clean technology 
strategies apply in solutions 
identified for waste 
management practices?
The case studies presented 
should be thought o f as 
environmental improvements.
The method o f investigation 
provides unusual and 
‘reflexive’ findings with wider 
applicability than the 
constraints o f the originally 
framed problem statement.
• Regulatory pressure forced the company to investigate 
detoxifying the solid waste generated from the 
production site. The company then undertook a public 
consultation exercise prior to being granted planning 
permission for the new landfill site -  explaining the non­
toxic nature of the waste and the company’s 
commitment to environmental responsibility.
• Financial benefits of recovering manganese salts 
identified in the original RPA review were a primary 
motivator for re-examining the inerting plant design. 
Ultimately, the capital cost of the inerting plant to 
declassify the waste as general rather than hazardous 
was considered too high a cost option -  although their 
cost analysis did not differentiate between the different 
long term risks and therefore costs for a hazardous 
waste compared with a chemically stabilised and inert 
waste. The company took the view that challenging the 
regulatory authority and obtaining a permit for a 
hazardous waste site was the economically preferred 
option.
• The return of manganese and ammonium sulphates 
from wastes back to process and thus improve the 
material efficiency of the electroplating process. The 
quantities of ore, acid and ammonia required were all 
reduced.
• The integrated solution removed the need for an effluent 
plant upgrade. Thereby the capital identified for 
upgrading this facility (a separate capital item) could be 
avoided.
• As a result of the laboratory testwork, it was established 
that manganese hydroxide oxidation to an insoluble 
manganese (IV) oxide - as was originally hypothesised -  
is not the dominant mechanism for stabilising the solid 
waste residues. Instead having sufficient free hydroxide 
to neutralise the acidic leach solution used within the 
TCLP and thereby maintain alkaline conditions has been 
demonstrated as the key criterion.
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5. CONTRIBUTIONS TO KNOWLEDGE
Chemical engineers have a unique role to play in addressing the environmental problems of 
pollution generated by industrial activity. The overriding hypothesis of this research is that the 
thinking behind clean technology and the innovative thinking required paired with fundamental 
engineering principles can be successfully applied to existing waste management practices. 
Key to realising the benefits available was the use (and development) of standard chemical 
engineering theory to model systems with an environmental impact.
In the four case studies presented, considerable engineering modelling work was carried out 
in order to ensure economic improvements relative to standard practices, typically end-of-pipe. 
The limited perspective of waste management was used as a platform to integrate the existing 
site issues and facilities and thus minimise the overall environmental impact and economic 
cost of waste management.
It is this holistic view of the site as a whole that enables innovation. The manganese residue 
stabilisation process required integration of the existing site evaporator, the landfill leachate 
treatment required use of landfill gas to provide energy to remove ammonia without chemical 
alkali addition and provide the fuel to combust the resulting ammonia-laden gas stream. 
Similarly the odour control systems for the cavern and the hazardous waste treatment plant 
sought to optimally reduce extraction volume requirements by cascading air use within safe 
and acceptable bounds.
It has been demonstrated that production and waste management processes can be modified 
in a number of ways short of rethinking them completely (which is only likely to be done when 
a new product is introduced and a new plant is built). The examples given in this thesis go 
beyond simple housekeeping measures using fundamental engineering principles to guide. 
For example the landfill leachate treatment scheme required an understanding of mass 
transfer and partial pressures of ammonia solutions as a function of pH; the tunnel model 
required the application of heat transfer mechanisms and an appreciation of reactor 
technology; the manganese residue case study required modelling of salts return processes.
Examining the case studies against the key strategies, features and recognised barriers to the 
uptake of clean technolgy provided the following insights:
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1) Information concerning the mechanisms of waste generation is important in 
implementing cleaner processes.
By itself, physical characterisation of the waste streams provides adequate information to 
implement the types of controls used in traditional waste strategies, but the origin of the 
wastes must be understood in order to develop strategies that prevent generation of 
secondary emissions, for instance from waste treatment operations.
An understanding of the mechanisms behind waste generation, the “why”, rather than the 
physical characterisation of the waste itself, the “what” is clearly key; for example knowing that 
landfill leachate would be saturated in carbon dioxide pointed to the possibility of ammonia 
removal without pH correction. Whilst an appreciation of the landfill gas capacity and its 
thermal value pointed towards its use to improve the mass transfer of dissolved gases from 
the leachate. Similarly knowing how RCVs arrive, move and emit heat when queuing and 
manoeuvring provided the input data to successfully model the transfer station and ultimately 
cut the quantity of air extracted from the system.
However, as the other two case studies demonstrated, all processes under investigation are 
ultimately waste management operations that offer very limited possibilities for moving up the 
waste chain and examining why the wastes are generated. For instance the building of a 
waste transfer station, even an extremely efficient one, was based upon a decision taken by 
the municipality given projected population and waste volume growth rates. However, it would 
serve no benefit for RPA to suggest to our client, tendering for the construction and operation, 
that introducing composting or recycling schemes would avoid the need for the additional 
transfer station.
The manganese waste management problem highlighted the importance of understanding 
waste generation mechanisms when introducing clean technology within an integrated 
engineering solution. In an ideal world one would have wished to investigate alternate iron 
and silica removal techniques; since it was the existing process steps that inadvertently 
introduced the environmental hazards and burdens associated with manganese, ammonia and 
sulphate into the wastes requiring disposal. Clearly the original production plant was not 
focussed towards reducing the hazardous nature of the waste materials, since the waste 
materials were dumped in unlicensed landfills.
The scope for adopting clean technologies from the start point of waste management activities 
can only ever offer a limited range of possibilities -  less radical than might otherwise be 
possible. That said, huge efficiency improvements were still demonstrated in the context of 
standard environmental protection measures. For example the cavern odour control system
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size was reduced by 60% but the integrated design of cascading air use also avoided much of 
the rock extraction, a 40% saving relative to the original proposal. The landfill leachate 
treatment plant had a payback of less than two years relative to the alternative biological 
alternative despite the significant difference in capital cost. The manganese residue treatment 
plant’s net running costs were almost comparable to their existing “do nothing” waste 
management practice and some £2,000 per day cheaper than their previously identified end- 
of-pipe scheme.
2) Process redesign or replacement based on clean technology can be a lengthy 
and complex project involving considerable testing and experimentation with 
unproven alternatives.
End-of-pipe solutions generally utilise proven technologies, readily available from suppliers as 
‘off the shelf solutions, and are often reasonably quick to apply. To what extent are the 
pressures of time deadlines for regulatory compliance and the unproven nature of many of the 
proposed solutions a barrier to the uptake of clean technology solutions?
Modelling work was required to predict the likely ammonia removal from leachate; to calculate 
the optimal gas extraction rate within the waste transfer station; to balance the odour 
extraction rates within the ductwork within the waste transfer station; and predict salts return 
costs and benefits within the manganese waste residue inerting project. In the first two 
instances the complexity of the modelling work necessitated a significant design effort far 
exceeding that normally anticipated for standard waste management design approaches. In 
the case of the landfill leachate treatment technology proposal and the manganese residue 
disposal project each client was sufficiently convinced of the long term benefits to initiate 
lengthy pilot testing and laboratory experimentation programmes.
The waste transfer station extraction rate modelling work became the critical path in the 
production of the tender submission document. However the modelling work as presented in 
the tender submission was considered sufficient proof to the government as to its competence 
-  a reflection of the use of standard chemical engineering heat transfer analysis and an 
approach based on a number of worst case scenarios (for example high ambient 
temperatures).
The landfill operator was in the fortunate position of having already won the tender to build and 
operate the landfill and was given a three-year period to evaluate treatment technologies once 
the landfill leachate had been characterised. That coupled with a twenty-five year operating 
contract with incentives to provide low operating cost solutions ensured that the landfill 
operator was willing to take a long-term view over what initially represented only a potential
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treatment solution. The landfill operator was therefore willing to allocate significant capital and 
time to the design, building and operation of a pilot plant to fully explore the possibilities of the 
cleaner technology option. The final design for the site involved very complex engineering to 
integrate fully the landfill gas, ammonia stripping plant and biological treatment sections within 
the minimum possible footprint (so as to make available the maximum footprint for the actual 
landfill).
In the case of manganese residue stabilisation, the company involved was able to use the 
initial waste management review to convince the regulatory authorities that it was committed 
to reducing the environmental impact of its activities and therefore enabling new testwork to 
proceed. However, ultimately those commitments to the regulatory authority prevented the 
exploration of novel washing techniques to return soluble salts without filter presses.
Commercial realities often dictate that companies work within fixed timeframes; therefore in a 
number of instances over the last eight years the possibility of applying clean technology 
approaches to waste management issues was rejected by potential clients because of an 
unwillingness to resource the necessary explorations needed to develop integrated solutions.
3) The identified reasons for undertaking clean technology strategies apply in 
solutions identified for waste management practices.
In practice which out of the possible “drivers” of regulatory compliance, financial benefit, 
supply chain pressure and corporate strategy were acting in the case studies undertaken?
In the more radical and innovative applications of clean technology principles to waste 
management problems, i.e. the waste transfer station and landfill leachate treatment case 
studies, it was the perceived financial benefit that strongly influenced the client’s desire to 
exploit fully the cleaner technology routes. In these instances the regulatory issues merely 
framed the problem; for example the ambient air could not exceed certain gaseous pollutant 
levels and the discharge consent on the treated landfill leachate had to be met.
In the case of manganese residue stabilisation, regulatory pressure forced the company to 
explore a means to render its wastes inert. The company therefore considered the inertion of 
its residues as an operating cost. It was against this background that the introduction of an 
integrated waste management scheme that recovered valuable salts received a favourable 
response against the already established cost of an end-of-pipe solution.
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Ultimately the company elected to challenge the requirements of the regulatory authorities so 
as to avoid rendering its residues less chemically hazardous. This risked angering the local 
population to whom, during a public consultation exercise, they had given assurances of their 
commitment to stabilising the waste streams and rendering them inert. It could be argued that 
the company might well have elected to investigate alternative ore purification technologies 
had regulators not forced them to initially concentrate on the existing waste streams and an 
end-of-pipe solution. However, in this instance the company was particularly keen to avoid 
capital investment in all areas, not just waste management -  a reflection of market prices for 
manganese that were depressed due to cheap Chinese exports.
Life Cycle technology has been acknowledged as being key in expanding the transparency of 
a company’s activities5; whilst extending the environmental debate beyond product 
acceptability into an examination of performance from “cradle to grave”. In the context of this 
portfolio a life cycle assessment (LCA) was used as the tool to examine the overall 
environmental differences between the biological landfill leachate treatment scheme and the 
air stripping concept that evolved from the clean technology approach of integrating the 
various activities on the landfill site. The LCA offered the confirmatory view that the significant 
economic benefits associated with the system were not penalised by poor environmental 
performance, in fact the latter proved to be the case.
Recent consultancy experience has highlighted the growing influence of environmental 
management systems (for example ISO 14001) in requiring life cycle considerations within 
formalised decision making processes. For example a proposed waste effluent treatment 
plant design proposed for a car manufacturer in the UK required an undertaking that life cycle 
costs and environmental impacts be included with the tender design options submitted for 
capital approval. How the life cycle approach to analysis is applied in this context will be an 
interesting development, particularly in situations where additional capital cost may be 
required to achieve environmental improvement. Clearly, a design approach that seeks to 
achieve overall environmental improvement through an integrated design solution will benefit 
from a formalised structure that examines life cycle benefits beyond the narrow fixation on 
end-of-pipe technology design solutions - “which filter has the shortest payback”.
Within the above small number of case studies, supply chain pressure and corporate strategy 
were never encountered as reasons to adopt a cleaner technology, a finding broadly in line 
with those conclusions presented for other clean technology case studies12. However, 
increased application of environmental management systems and increased business 
transparency are likely to emphasise these aspects as future drivers for introducing clean 
technology.
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4) The case studies presented should be thought of as environmental 
improvements. Which of the six key pollution prevention strategies identified by 
Jackson3 mirror instances where the clean technology principle is applied to waste 
management practices?
In the case studies involving efficient use of building air -  namely the waste transfer station 
and the hazardous waste treatment plant -  the clean technology systems were characterised 
by the internal recycling pollution prevention strategy. In the case of the methanogenic landfill 
leachate treatment system the study was characterised by a cleaner technology methodology; 
utilising landfill gas as part of the overall solution, later proven to be an environmentally sound 
decision through the application of a life cycle assessment. It could also be argued that landfill 
gas substituted the need for methanol in the removal of ammonia; hence the new system is 
also characterised by the input substitution pollution prevention strategy.
The manganese residue stabilisation clean technology solution involved the rearrangement of 
the existing effluent treatment plant and evaporator and hence the process modification 
strategy applies in this instance; furthermore the return of soluble salts back to the plating 
process represented an internal recycling strategy.
Final Remarks
Waste Management and Clean Technology belong to two different paradigms of 
environmental protection, embodying different principles. However, the principle of clean 
technology - and the innovative thinking that the application of those principles requires - has 
been successfully applied to waste management practices and have demonstrated the 
economic and environmental gains available. In the examples stated clean technology has 
been associated with improving the efficiency of industrial processes, and thus the drivers for 
change have not been primarily through environmental concerns.
The range of solutions identified in the case studies mirror many of the characteristics of clean 
technology examples. The case studies highlighted the significance and powerful 
consequences of clean technology thinking even when applied to the limited domain of waste 
management practices. Applying fundamental engineering principles has been demonstrably 
proven as the key to unlocking the potential environmental and economic gains that extend 
beyond simple housekeeping measures.
The environment became one of the key challenges facing the business sector during the 
1990s. Almost all major companies now take a strategic view of environmental issues, 
although the subject receives notably less attention in smaller companies8. Possible
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explanations for this dichotomy include the struggle to remain in business, with limited 
managerial resources to manage environmental issues and comply with regulation. Larger 
companies in comparison have formal environmental management systems and auditing 
programmes and many produce environmental reports for public consumption.
It is clear that adopting clean technology solutions requires a greater understanding of the 
mechanism behind the generation of waste -  the “why” rather than the “what”. It has been 
argued that implementing emission limits in a rigid manner may encourage an end-of-pipe 
response12. Companies, particularly larger ones employ specialist environmental managers or 
outsource the waste management control entirely; their expertise lies typically within emission 
compliance, duty of care responsibilities or in the running of waste treatment plants -  a direct 
response to the significant level of regulation imposed on companies. It is becoming 
increasingly unusual to find environmental managers who have actually worked within the 
production areas of an organisation; hence these people have a limited understanding of the 
range of integrated design and recycling possibilities that are available -  unfortunately, fewer 
and fewer are likely to understand how the wastes are generated in the first instance.
In Weizsacker et al’s “Factor Four”13 it is argued that design engineers should be given reward 
incentives based on life cycle cost reductions rather than rely on fixed fee structures based on 
the capital cost of equipment, a system that penalises resource saving and cost-reducing 
engineering. Whilst electricity life cycle costs are relatively straightforward to examine, it 
becomes more difficult to agree base case information when the proposed integrated solution 
involve cross discipline considerations, for example water savings, alternate disposal 
arrangements, raw material changes, energy demands, risk reduction and liability 
containment. These require agreement and data collection across multiple business centres 
within large companies. Skea8 has commented that “pay as you save arrangements” are 
fraught with difficulty. It is hoped that a positive outcome from auditing and environmental 
management will be an availability of base case data that make design or consultancy 
contracts suitably incentive based.
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CASE STUDY #1 
AIR QUALITY PREDICTION
W a s t e  T r a n s f e r  S t a t i o n  
- H o n g  K o n g
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
The following case study examines how clean technology principles can be applied to a building’s 
odour control requirement; with particular reference to the reduction in total volume of air extracted. 
The unusual example of a waste transfer station positioned within an excavated cavern inside a 
mountain forms the basis for the investigation.
The case study provides a good example of how an understanding of fundamental engineering 
principles (in this case heat transfer mechanisms) enables the system to be modelled and the benefit 
of a clean technology approach to be realised.
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I .  B A C K G R O U N D
A government tender required contractors to bid for a project to build a refuse transfer station 
within an excavated cavern inside a mountain on Hong Kong Island. A refuse transfer station is 
a centralised collection area where refuse collection vehicles (RCVs) unload household waste. 
The waste is compacted and transferred into large containers for transport to final disposal at a 
landfill. The value of real estate in Hong Kong Island and the visual undesirability of a transfer 
station were such that the government specified the location within the mountain.
The compaction of refuse leads to both an odour and a biologically degradable liquid waste. 
Truck movements into and out of the transfer station would result in exhaust emissions and 
ambient air temperature fluctuations. Richard Paxton Associates’ (RPA) role was to act as 
consultant to a contractor bidding against the government tender specification. RPA were 
originally asked to provide designs for an odour control system and liquid effluent plant based on 
pre-determined flow and concentration parameters stated in the original tender documentation.
The government tender document was based on a preliminary design study conducted by 
others. The tender document set out minimum requirements for the transfer station: liquid 
effluent treatment, odour control, RCV wheel wash and the air extraction volume required from 
different operating areas.
RPA supplied an integrated design that utilised an odour scrubber to provide the necessary 
aeration requirements for the biological effluent treatment plant - see attached flow sheet drawing 
9404/443/8111 A. The integration that characterised the design is not covered in detail in this 
portfolio", however a brief explanatory text is included below to assist in understanding the flow 
sheet presented:
The collected liquid from compacted refuse together with other contaminated infiltration 
water is processed through a biological effluent plant based on Sequencing Batch Reactor 
(SBR) technology. The liquid content of the SBRs is used as the scrubbing medium to 
remove odour from the extracted air flow from the refuse transfer station within a horizontal 
venturi scrubber arrangement.
Whilst in the venturi scrubber system the SBR liquor comes into contact with the air flow - 
thus allowing oxygen and odours to be absorbed into the liquor. The absorbed oxygen
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provides the necessary respiratory input for the biological breakdown of organic matter (and 
adsorbed odour) present in the effluent liquor. A chemical scrubber based system acts as a 
back up odour control measure to ensure compliance with atmospheric emission 
concentrations given in the tender document.
The focus of this particular case study concerns the innovative thinking and modelling techniques 
applied to reduce the total volume of air extracted from the transfer station. There will not be 
many instances where the theory developed within this case study can be applied prescriptively; 
caverns excavated from mountains to become refuse transfer stations are not common! 
However, the methodology underpinning the investigation could be applied elsewhere to 
establish efficient building air extraction requirements.
II. APPLYING CLEAN TECHNOLOGY PRINCIPLES
The design of the transfer station was made up of a number of component parts including service 
tunnels, tipping hall, effluent treatment plant, odour scrubbers and vehicle wheel wash facilities - 
all of which had to be contained within the excavated rock volume. Simplistically, an RCV travels 
through the service tunnel (denoted as RCV tunnel) and deposits refuse into a refuse compactor 
positioned in the tipping hall.
The original government tender focussed on specifying volumetric extraction rates by stating the 
number of volume changes per hour required for given areas of the transfer station. 
Underpinning these values was the over-riding principle that acceptable working conditions 
would be maintained. In particular, the concentrations of individual pollutants would not exceed 
recognised safety limits and a comfortable working environment would be provided - the air 
temperature would not exceed the ambient air temperature by more than 6°C.
Despite the imposed extraction rate definitions, the clean technology principle of improving the air 
utilisation efficiency was applied to the cavern. If reductions in airflow could be achieved then 
smaller odour abatement equipment would be required. Smaller equipment would exhibit lower 
energy demands, creating a win-win scenario. The individual air extraction rates were fixed by 
government tender on a volume change per hour basis for different operating areas of the cavern; 
however, if air could be re-used within the cavern whilst maintaining the acceptable working 
conditions those volume changes were intended to deliver, then reductions in the overall air volume 
would be achieved. A model was therefore developed to estimate the likely temperature within the 
transfer station under various traffic movement scenarios as a function of extracted air volume.
“ The principle underlying the design integration is very much in keeping with the cleaner technology principles 
discussed within the thesis. However its design and implementation were carried out by others.
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In the original design proposed by the government, fresh air was ducted from outside into the 
individual operating areas. This necessitated large air ducts to bring fresh air into the tipping hall, 
the RCV tunnel, and the effluent treatment plant. Since the tunnel provided the access route into 
the main tipping hall, it was thought appropriate to bring the entire air volume through the tunnel 
itself - i.e. the RCV tunnel would become a large air duct. Individual extraction points positioned 
strategically within the tipping hall would remove the air and ensure that individual areas, such as 
the compactors and the effluent plant, would receive the desired air volume replacement. Through 
this approach, the use of ductwork through the tunnel could be avoided, thus saving in rock 
excavation.
Box 1: Clean Technology Principle
Although restricted by a prescriptive air extraction requirement, the air volume required for odour 
dilution within the transfer station should be reused. This would provide an efficient air utilisation 
and reduce the total volume of air to be extracted and processed through odour abatement 
equipment. Principally the air required for the RCV tunnel would be reused within the tipping hall 
cavern.
The remainder of this document examines the approach taken to model the transfer station’s 
RCV tunnel and tipping hall. The model seeks to quantify the air temperature and pollutant 
concentration within the refuse transfer station for a given air rate through the RCV tunnel in 
order that an optimal extraction rate could be selected.
I I I .  R C V  T U N N E L  T E M P E R A T U R E  M O D E L
As RCVs move through the RCV tunnel to access the tipping hall, heat transfer takes place 
between the RCV, the airflow and the tunnel walls. The tunnel was approximated to a large air duct 
supplying fresh air into the main tipping hall cavern - avoiding the need for separate air ducts to the 
main tipping hall. A predictive tool was required to simulate the air temperature fluctuations within 
the tunnel and provide the temperature profile for air entering the tipping hall cavern. The following 
is a diagrammatic representation of an RCV moving through the tunnel.
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Figure 1 RCV in Tunnel
Rock, T2
CONV
Air, T;
■CONV
ENG
RCV, T
T o  c a lc u la t e  th e  t o ta l  h e a t  t r a n s f e r r e d  t h e  f o l lo w in g  m e c h a n is m s  w e r e  c o n s id e r e d :
( a )  C o n v e c t iv e  a n d  r a d ia t iv e  h e a t  t r a n s f e r  f r o m  t h e  R C V s  m o v in g  a n d  q u e u in g  in  t h e  t u n n e l ;
( b )  H e a t  e n e r g y  lo s s e s  f r o m  r u n n in g  R C V  e n g in e s  a n d  a p p ly in g  t h e  b r a k e s ;
( c )  C o n v e c t iv e  h e a t  t r a n s f e r  to  th e  t u n n e l  w a l ls  f r o m  th e  a i r f lo w  m o v in g  t h r o u g h  t h e  t u n n e l .
Box 2: A pp lied  Innovative Thinking
T h e  t e m p e r a t u r e  o f  t h e  a i r  le a v in g  th e  R C V  tu n n e l  ( i .e .  e n te r in g  t h e  t ip p in g  h a l l )  w a s  e s t im a t e d  o n  
a n  in c r e m e n t a l  t im e  b a s is  b y  e x a m in in g  th e  a i r  t r a v e l l in g  d o w n  t h e  t u n n e l  a s  i f  in  a  p lu g  f l o w  r e g im e  
a c te d  u p o n  b y  b o th  R C V  m o v e m e n t  a n d  th e  tu n n e l  w a l l .
III. 1 PLUG FLOW  MODEL FOR ENTRANCE TUNNEL
T h e  a i r f l o w  t h r o u g h  t h e  R C V  t u n n e l  w a s  a s s u m e d  to  m o v e  in  a n  e s s e n t ia l l y  p lu g  f l o w  r e g im e .
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Figure 2 - Plug Flow Model for Tunnel
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A standard heat balance was written over an elemental volume of the tunnel (thickness dz) to 
represent the range of interactions represented; see appendix A.1 for details of the model 
generated to solve the heat balance and predict the air temperature entering the main tipping hall 
cavern as a function of the frequency of vehicle movement through the transfer station.
I I 1.2 RESULTS OF PLUG FLOW MODEL FOR ENTRANCE TUNNEL
The results from the modelling work are reproduced in tabular form below and show the variation 
in air temperature exiting the RCV tunnel with vehicle processing frequency.
Table 1 - Frequency of Vehicle Movement vs.
Tunnel Exit Air Temperature @ 30m3/sec 
Air Flow Rate Through the Tunnel & into 
the Cavern
10 41.8
20 37.2
30 35.7
40 34.9
50 34.4
60 34.1
120 33.3
360 32.8
The variation in air temperature as a function of RCV frequency now forms part of the input data 
for the modelling of the tipping hall.
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I V .  T I P P I N G  H A L L  T E M P E R A T U R E  M O D E L
T h e  t ip p in g  h a l l  is  a  la r g e  c a v e r n  w it h in  t h e  m o u n t a in ’s  r o c k  s t r u c tu r e .  R C V s  e n t e r  t h e  t ip p in g  h a l l  
v ia  t h e  R C V  tu n n e l  a n d  q u e u e  f o r  a  r e fu s e  c o m p a c t o r  to  b e c o m e  a v a i la b le .  A n  R C V  m a n o e u v r e s  
in to  p o s i t io n  a n d  d e p o s i t s  its  c o l le c te d  r e fu s e  in to  c o m p a c t o r s .  T h e  e m p t y  R C V s  e x i t  t h r o u g h  t h e  
s a m e  R C V  tu n n e l .  C o m p a c t e d  w a s t e  is  t r a n s f e r r e d  in to  s p e c ia l  c o n t a in e r s  f o r  s e p a r a t e  t r a n s p o r t  
( e v e n t u a l ly  b y  s e a )  f r o m  t h e  t r a n s f e r  s t a t io n .  A i r  is  e x t r a c t e d  f r o m  w it h in  th e  c a v e r n  f r o m  a  n u m b e r  
o f  a r e a s  a t  b o th  h ig h  a n d  lo w  le v e l .  C o l le c te d  a i r  is  t h e n  r o u te d  to  a n  o d o u r  c o n t r o l  s y s t e m  b e fo r e  
e v e n t u a l  d is c h a r g e  to  a t m o s p h e r e .
Figure 3 - P ictoria l Representation o f T ipping Hall Cavern
Rock, T;
C a v e rn  
V o lu m e ,  V
Convective heat transfer
A ir, T- Radiative heat transfer
Convective 
heat transfer
Air Heat
Losses
T o  c a lc u la t e  th e  t e m p e r a t u r e  o f  a i r  w i t h in  th e  c a v e r n  t h e  f o l lo w in g  m e c h a n is m s  w e r e  c o n s id e r e d :
(a )  C o n v e c t iv e  a n d  r a d ia t iv e  h e a t  t r a n s f e r  f r o m  th e  R C V s  p a r k e d  o r  u n lo a d in g  in  th e  
t ip p in g  h a l l ;
( b )  H e a t  e n e r g y  lo s s e s  f r o m  r u n n in g  R C V  e n g in e s  a n d  a p p ly in g  t h e  b r a k e s ;
( c )  H e a t  e n e r g y  lo s s e s  f r o m  e q u ip m e n t  o p e r a t in g  w it h in  t h e  c a v e r n  ( e .g .  l ig h ts ,  p u m p s
e tc ) ;
( d )  C o n v e c t iv e  h e a t  t r a n s f e r  to  th e  t ip p in g  h a l l  w a l ls  f r o m  th e  a i r  m a s s  p r e s e n t  in  t h e  
t ip p in g  h a l l .
( e )  S e n s ib le  h e a t  a r r iv in g  w ith  th e  a i r  f r o m  th e  R C V  t u n n e l  a n d  s e n s ib le  h e a t  le a v in g  w it h  
th e  e x t r a c t e d  a i r  f lo w  f r o m  th e  c a v e r n .
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To model the temperature of air within the tipping hall an approach based on chemical engineering 
reactor theory was chosen. The tipping hall was assumed to be a well mixed vessel experiencing 
varying heat inputs with time.
A standard heat balance was written for the air contained within the tipping hall:
HEAT INPU T-HEAT OUTPUT = ACCUMULATION
See appendix A.2 for details of the model generated to solve the heat balance and predict the air 
temperature of the tipping hall as a function of the frequency of vehicle movement through the 
transfer station.
IV. 1 Tipping Hall Model Results
The modelling work provided demonstration that, at the eventual extraction rate (30m3/sec), even 
during peak periods of RCV movement through the transfer station, the temperature of the 
tipping hall never exceeded the imposed government safety limit of 6°C above ambient air 
temperatures -  despite a 60% overall reduction in air extraction rate compared with the 
government tender. Thus it was demonstrated that cascaded air use need not cause a 
detrimental effect on the working environment. Separate routing of fresh air, via air ducts, 
directly into the tipping hall, would not be necessary.
V. P R O J E C T  O U T C O M E
Once the decision to use the tunnel to supply air to the tipping hall had been made, the tunnel’s 
cross sectional profile was fixed by the area required for two RCVs to pass within the tunnel. The 
tunnel length was a variable dependant upon the size of tipping hall cavern - a larger cavern would 
necessitate excavating further into the mountain rock and therefore a longer service tunnel.
The model was run a number of times with different air extraction rates and cavern dimension 
configurations to reflect equipment layout choices (within the bounds of what was achievable to 
maintain the air changes per hour specified within the original government tender document). 
The model demonstrated that a significant contributor to the cavern air temperature was the 
length of time an RCV spent within the transfer station.
The design of the transfer station was therefore modified to include an additional waste 
compactor to reduce waiting times and further reduce the volume of rock extracted and also 
reduce the total air extraction rate for the transfer station.
AIR QUALITY PREDICTION 03/06/01 53
ENGD PORTFOLIO P J RUTTER
The flow rate of air was a variable to be optimised by the modelling procedure and guided by the 
government tender requirements for specific volume changes within specific plant areas; higher 
extraction rates would ensure lower working temperatures. Whilst the model demonstrated that the 
temperature conditions within the main tipping hall would not exceed the required standard (6°C 
above ambient) it became apparent that the specification of nominal air changes per hour within 
the government tender became a restriction to further reductions air extraction volumes from the 
cavern, rather than peak ambient cavern temperature considerations.
Box 4  - Outcome of Applying Clean Technology Principle.
• Total volume of air requiring processing reduced by over 60% in comparison with 
the value calculated by summing the required “volume changes per hour” for the 
associated areas. The capacity of abatement equipment installed inside the cavern 
would reflect the lower air rate requirements.
• Total quantity o f rock excavated reduced by 40% in comparison with the quantity 
estimated in the original tender document. The time taken to construct the transfer 
station would reflect the lower rock excavation requirement and provide lower 
construction costs.
•  The contract was won! Construction of the transfer station finished in 1997.
The contract to build the eventual transfer station was decided by the Hong Kong government on 
a competitive tender basis. The contractor RPA were working for won the contract because it 
represented the cheapest bid with the least construction time. Key to realising this potential was 
the efficient use of ventilation air and quick turnaround of vehicles within the transfer station.
The computer model quantified the range of efficiency savings available and relied upon an 
understanding of the heat transfer mechanisms taking place.
V. 1 Exhaust Pollutant Modelling
As a separate model, the impact of RCV exhaust emissions was evaluated. Of particular 
concern were emissions of nitrous oxides (NOx) and carbon monoxide (CO) into the atmosphere 
of the transfer station. To quantify pollutant emissions, the European Union directive relating to 
vehicle emissions was taken as a basis.
Since the 1960s the UN Economic Commission for Europe (which includes both EU and non-EU 
countries) has been responsible for developing model standards on vehicle emission controls8.
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The European Union emission limits for new heavy duty vehicles after 1st October 1993 (> 3 
tonnes) are as follows (ref. Directive 91/542/EEC):
Although vehicle emission standards are subject to continual tightening, the above emission 
rates, multiplied by a safety factor of 2, were considered reasonable for modelling purposes. 
Thus for a given engine power output for either driving, idling, or manoeuvring, the quantity of 
pollutant in the exhaust was calculated by simple multiplication - the emission rate multiplied by 
the engine power and the time in the transfer station. Once again the air through the RCV 
tunnel was assumed to be in plug flow, thus allowing predictions to be made for the concentration 
of pollutant entering the tipping hall. The tipping hall model approach was also utilised to 
evaluate the likely pollutant concentration within the working environment during peak activities. 
The results demonstrated that a safe working environment was maintained within the working 
areas even during peak processing times. This statement was made with reference to 
recognised long-term exposure limits for the pollutants considered.a
At the selected airflow through the tunnel and cavern, strong similarities were observed between 
pollutant concentration and the variation of tipping hall air temperature -  the RCV engines were 
the major contributor of heat load into the transfer station relative to the other heating and cooling 
mechanisms considered. Therefore monitoring the temperature difference (ambient air minus 
tipping hall air) was judged a good early indicator of potential air quality issues.
Appendix D at the end of this case study contains scale drawings of the final design 
configuration. The drawings show an additional service tunnel (to the RCV tunnel). This tunnel 
was designed to remove compacted refuse stored in large containers (40ft). The modelling work 
used to investigate the temperature and pollutant profile is not included in the portfolio, although 
the methodology is analogous to the RCV tunnel model (section III).
The refuse transfer station began receiving refuse at the end of 1997. It is understood that no 
temperature or air pollution problems have been encountered since that time. Unfortunately, the 
transfer station operator is unwilling to release actual temperature and pollutant concentration 
profiles; therefore the modelling work cannot be assessed against actual data.
“ The long term occupational exposure limits for NO and CO  are 25ppm and 35ppm respectively9.
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N O T A T I O N
A1 = Surface area of vehicle bodywork, m2
a 2 = Surface area of tunnel wall, m2
A r = Surface area presented by vertical sides of an RCV bodywork, m2;
A f = Surface area presented by the roof of an RCV bodywork, m2;
At = Tunnel cross-sectional area, m2;
C P = Heat capacity of air, KJ/(kg.°C);
de = Tunnel equivalent diameter (4 times the hydraulic radius), m;
dz = Differential tunnel slice, m;
©1 = Emissivity of vehicle bodywork;
e2 = Emissivity of tunnel wall;
G’ — Mass flow rate of air per unit area, kg/(m2.s);
hi Convective heat transfer coefficient between air flow and tunnel walls,
kW/(m2.°C);
h2 Convective heat transfer coefficient between air flow and RCV body shell,
kW/(m2.°C);
h3 Natural Convective heat transfer coefficient between RCV body shell sides 
and cavern air, kW/(m2.°C);
h4 Natural Convective heat transfer coefficient between RCV body shell roof and 
cavern air, kW/(m2.°C);
h5 Natural Convective heat transfer coefficient between tipping hall cavern side 
walls and cavern air, kW/(m2.°C);
h6 Natural Convective heat transfer coefficient between tipping hall cavern 
roof/floor and cavern air, kW/(m2.°C);
k — Thermal conductivity of air, W/(m°C);
L r c v - Length of RCV, m;
L j u n - Length of Tunnel, m;
m — Mass flow rate of air, kg/s;
n - Number of RCVs present in the tipping hall
P - Average rate of heat emitted by an RCV within the cavern, kW;
Q - Rate of heat energy flow, kW;
Q e n g - Rate of heat energy lost by RCV through engine and brakes only, kW;
R = Rate of heat addition into cavern by non-throughput related equipment, kW;
Ti = RCV body shell temperature, °C;
t 2 = Rock Temperature, °C;
t 3 = Air temperature, °C;
V i = Velocity of air through tunnel, m/s;
v2 = Velocity of RCV through tunnel, m/s;
P = Density of air, kg/m3;
r1 = Perimeter of tunnel cross section, m;
r2 = Perimeter of RCV cross section, m;
0 = Time interval between RCV movements, secs;
a = Stefan Boltzman's constant (5.67e-8 W.m^.K"4);
P = Viscosity of air, N.s/m2;
t = time, secs;
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A P P E N D I X  A -  M O D E L L I N G  C A L C U L A T I O N S  T U N N E L  & C A V E R N
M O D E L
This appendix sets out the calculation methodology behind the RCV tunnel model [an assumed 
plug flow model] and the tipping hall model [an assumed continuously stirred tank model]. For 
details of the background calculations for heat transfer coefficients and the starting assumptions 
utilised in both models refer to appendices B and C respectively.
A.1 PLUG FLOW MODEL TO DESCRIBE RCV TUNNEL
The following model was developed to determine the relationship between frequency of vehicle 
movement through the transfer station and the likely temperature of the air entering the tipping 
hall. The plug flow model presented here is not intended to model transient air temperatures 
when an RCV moves with or against the air flowing through the RCV tunnel.
Figure A-1 - Plug Flow Model for Tunnel
T2=28°C
V1
-------► T3
T3= 33°C
V1
T3 = T3+dT3 v2 >
W v -  Ts=?
z=o ->i
d:
z=LTUN
< -
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A standard heat balance, assuming plug flow, was written over an elemental volume of the tunnel 
(thickness dz) to represent the mean heat flows occurring:
Rate of Heat Rate of Heat Rate of Heat Rate of Heat
Flow Entering = Flow Leaving + Loss to Walls - Gain by Air From
Element Element From Air flow RCV movement
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A. 1.1 Rate o f Heat Flows Into & Out o f an Element
The sensible heat of the flowing air gives the rate of heat flow entering or leaving an element.
Qm = m-C/T, & Qom = m c/iTi+dTi)
where, m = mass flow rate of air (kg/s) = v,. AT. p
v1 = Velocity of air moving through tunnel (m/s);
At = Tunnel cross-sectional area (m2);
p = Density of air (kg/m3) -  assumed constant through the tunnel;
Cp = Heat capacity of air (KJ/(kg.°C);
T3 = Air temperature (°C);
Q = Rate of heat flow (kW).
A. 1.2 Rate o f Heat loss to Tunnel Walls
The heat lost by the air through convective heat transfer to the tunnel walls within the differential 
element, dz is given by:
k T t d z  - ( n - n )
where,
h, = Convective heat transfer coefficient between air flow and tunnel walls
(kW/(m2.°C)
T1 = Perimeter of any tunnel cross section (m);
dz = width of differential slice (m)
T3 = Air temperature (°C);
T2 = Tunnel wall temperature (°C);
A. 1.3 Rate o f Heat Gain from RCV Movement
The heat gained by the air from the movement of RCVs through the tunnel was given by the sum 
of the heat given off by the engine and the convective heat transfer between the body shell of the 
RCV and the surrounding air.
To reflect the interaction between air and RCV movement it was necessary to define the 
fractional time any fixed point in space within the tunnel would “see” an RCV. This is achieved 
by defining the time interval between RCV movements (denoted 0 )  together with the duration of 
total time that point sees the RCV - a function of the velocity of the RCV (v2). The heat lost by 
the body shell is treated differently from heat lost via the engine and brakes:
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A.1.3.1 Heat from Engine & Brakes
The engine and brakes are considered as point sources. Each passage through an incremental 
length of tunnel, dz lasts for a time dz/v2 seconds. There is one such passage every O  seconds. 
Therefore the heat source is within the element dz for a fractional time dz/(v2.0 ). Hence the 
average heat release to air in the differential element is:
Q r „ G X d z- ENG
X 0
where, QENG = an average rate of heat lost through applying brakes and running the 
RCV engine (kW).
A.1.3.2 Heat from RCV Body Shell
The heat transfer from the RCV body shell cannot be considered as a point source since the 
length of the RCV (l_RCV) is much greater than the incremental length of tunnel (dz). The time it 
takes the RCV length to pass any one point in the tunnel is LRCV/v2. Once again there is one 
such passage every <t> seconds, hence there is an RCV body shell within an element for a 
fractional time given by LRCV/(v2. <$>). Hence the average heat release to air within the differential 
element is:
xh xT2xdz *(TrT>)
V /  V2- - - V )
where,
h2 = Convective heat transfer coefficient between air flow and RCV body shell
(kW/(m2.°C)
r 2 = Perimeter length of RCV cross section (m); hence r 2.dz is the body shell 
area within an element when an RCV is passing;
T3 = Air temperature (°C);
T, = RCV body shell temperature (°C);
A.1.3.3 Overall Expression for Heat Gained by RCV Moving through Tunnel into  
Cavern
^ ^ * { L Ky * h 2* r Æ - T Ù + Q j
In the above expression h2, the heat transfer coefficient refers to the convective heat transfer for 
an RCV moving with the airflow. Each RCV entering the tunnel will eventually leave the tunnel 
after unloading its waste into the waste refuse compactor units. Therefore there is a 
corresponding expression for RCVs leaving the tunnel; this expression differs from the one 
presented above in that the RCV body shell temperature (TJ and the heat transfer coefficient will 
be different.
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A.1.3.4 Stationary Vehicles Queuing in RCV Tunnel
During peak periods it will be necessary to queue RCVs within the tunnel prior to unloading within 
the tipping hall. The size of the tipping hall was restricted to allow a maximum of six vehicles to 
manoeuvre and unload at any one time -  reducing the quantity of rock excavated. The logical 
place to queue RCV vehicles would have been outside the tunnel; however this option was not 
allowed due to the unsightly appearance of these vehicles.
The modelling of their impact is based on calculating an average velocity for the RCV whilst in 
the tunnel. L/v2 gives the time spent by the vehicle moving in the tunnel (t,), where L is the total 
tunnel length. The total time spent stationary is a function of the available capacity within the 
tipping hall, denoted as t2. Therefore the average velocity of the RCV vehicle when in the tunnel 
is L/(t1+t2). The heat loss from the engine and brakes is different for parked and moving RCVs. 
The average heat release is given by (t1.QENG move+ ^.QENGj^VC^+ts). Substituting these derived 
functions for velocity and heat loss into the overall expression developed in section A.3.3 yields 
the following expression for the average rate of heat gain -  whilst a vehicle moves through the 
tunnel but is required to queue:
Collecting terms and substituting back into the original heat balance for the case where there is 
sufficient space to process the RCVs without the need to park in the RCV tunnel -  i.e. only 
vehicle movements through the tunnel are considered -  results in the following expression:
ENG move
Q x /
z - 'E N G  J  die 1 2
I
y
A .1.4 Overall Heat Balance
where h2’ convective heat transfer coefficient RCV-Air with air flow; 
convective heat transfer coefficient RCV-Air against air flow; 
RCV body shell temperature as it enters the tunnel;
RCV body shell temperature as it leaves the tunnel.
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For the purposes of the model the RCV body shell temperature into and out of the tunnel was 
assumed to be constant within the tunnel -  since the time spent in the tunnels is short relative to 
the total time spent in the transfer station and in any case, the calculated temperature drop was 
only slight for the entire time the RCV spends within the transfer station (see appendix B section
B.8 for details).
The above expression was then rearranged to give the following differential equation:
d T >  i  
dz m c,
i 2  'Q m m  +  h i T i L R c v ' f o i - T ' X
W o ] /  
-/j .T .-fc -r ,)
Example Data m = 33.93 kg/s (30m3/sec through tunnel)
C P = 1.005 kJ/(kg.°C)
V2 = 3.33m/s (or 12 km/h)
<D = 20 secs (a truck enters every 20secs)
Qen g = 90kW, Lrcv = 6m
IV = 0.0024 kW/(m2.°C), h2”= 0.0028 kW/(m2.°C), h ^  0.00197 kW/(m2.°C)
Ti = 5m + 5m + 8m + 8m = 26m, r 2= 3m + 2.5m + 3m = 8.5m
T-iin = 50°C, T10ut = 45°C, T2 = 28°C
Substituting the above example data into the general expression yields the following expression:
^ = 1 . 2 7 x l 0 " , - 1 . 6 3 x l 0 " 3x r 3
The integrated form of the above equation is:
-6.14 ><10+2xln (l.27 x10',-1.63 xlO"3xrJ=Z +c
where c is an integration constant, found by substituting the starting conditions for air entering the 
tunnel, i.e. T3= 33°C @ Z=0. In this example c = 1.6x1 O'13. It is now possible to calculate the air 
temperature for any distance along the RCV tunnel. For the purposes of this model we are 
interested in the temperature of the air as it enters the tipping hall, i.e. the air temperature at the end 
of the 60m RCV tunnel. By substituting c = 1.6 x10+3 and Z=60m into the above equation the 
temperature of the air leaving the tunnel is calculated at 37.2°C, a rise of 4.2°C above the outside air 
temperature.
The above procedure was repeated for different frequency of vehicle movement and a range of air 
flow rates through the tunnel. The results are reproduced in the table below.
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Table 2 - Frequency o f Vehicle Movement vs. Tunnel A ir Temperature at various 
air flow  rates through the tunnel and into the cavern
10 45.9 43.5 41.8 40.6
20 39.2 38.0 37.2 36.6
30 36.9 36.2 35.7 35.3
40 35.8 35.2 34.9 34.6
50 35.1 34.7 34.4 34.2
60 34.6 34.3 34.1 34.0
120 33.5 33.4 33.3 j 33.3
360 32.8 32.8 32.8 32.9
A.2 CSTR MODEL TO DESCRIBE RCV TIPPING HALL CA VERN
T o  m o d e l  t h e  t e m p e r a t u r e  o f  a i r  w i t h in  th e  t ip p in g  h a l l  a n  a p p r o a c h  b a s e d  o n  c h e m ic a l  e n g in e e r in g  
r e a c t o r  t h e o r y  w a s  c h o s e n .  T h e  t ip p in g  h a l l  w a s  a s s u m e d  to  b e  a  w e l l - m ix e d  v e s s e l  e x p e r ie n c in g  
v a r y in g  h e a t  in p u t s  w it h  t im e .  T h e  R C V  tu n n e l  m o d e l  w o u ld  p r o v id e  a n  in d ic a t io n  o f  t h e  a i r  
t e m p e r a t u r e  e n t e r in g  t h e  t ip p in g  h a l l  c a v e r n .  T h e  m o d e l  w o u ld  q u a n t i f y  th e  l ik e ly  t ip p in g  h a l l  
t e m p e r a t u r e  f o r  a  n u m b e r  o f  v e h ic le  m o v e m e n t  f r e q u e n c y  s c e n a r io s .
Figure A.2 - CSTR Model fo r T ipping Hall Cavern
Rock, T;
C a v e rn  
V o lu m e ,  V
Convective heat transfer
Air, T- Radiative heat transfer
Convective 
heat transfer
Air Heat
Losses
RCV, T
T a k in g  a n  o v e r a l l  h e a t  b a la n c e  f o r  a i r  c o n ta in e d  w it h in  t h e  t ip p in g  h a l l  c a v e r n :
HEA T INPUT - HE A T OUTPUT = ACCUMULA TION
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Heat inputs to the air consisted of (i) the sensible heat energy associated with air entering the 
tipping hall from the RCV tunnel; (ii) convective heat transfer from the RCVs in the tipping hall; (iii) 
heat energy lost from RCV engines, refuse compactors and other equipment operating within the 
tipping hall, all warming the air within the cavern. Heat outputs to the cavern system comprised (i) 
the sensible heat energy associated with air extracted from the tipping hall; and (ii) convective heat 
lost to the cavern walls, roof and floor from air in the tipping hall.
It was assumed that the tipping hall would be well mixed and therefore the temperature of the air 
leaving the tipping hall would be at the bulk air temperature of the tipping hall.
Each of the above components in the overall heat balance is now considered in greater detail.
A .2.1 Heat Input : A ir Entering The Tipping Hall
The rate of heat energy into the tipping hall as a function of the air entering the tipping hall was 
calculated from the sensible heat content of air.
A. 2.2 Heat Output : A ir leaving the Tipping Hall
The rate heat energy leaving the tipping hall as part of the extracted air flow was given by its 
sensible heat content.
where, T3 = Air temperature within the tipping hall cavern (K)
A.2.3 Heat Input : Convective Heat Transfer- RCVs in the tipping hall 
When RCVs operate within the tipping hall the bodywork will warm the surrounding air. RCVs were
assumed stationary within the tipping hall cavern for the majority of the time. The rate of heat
transfer was calculated from the following expression:
OTxc Px ( r w - 7 ’ 0J
where, m Mass flow rate of air (kg/sec)
Heat capacity of air (kJ.kg"1.K"1)
Temperature of air entering the tipping hall from the RCV 
tunnel (K), value predicted from plug flow model (section A.1). 
Reference, datum temperature (273 K)
where, n
a ;
A r
T,
h3
Number of RCVs present in the tipping hall;
Surface area presented by vertical sides of an RCV bodywork (m2); 
Surface area presented by the roof of an RCV bodywork (m2); 
Temperature of RCV bodyshell (K);
Natural Convective heat transfer coefficient between RCV body shell 
sides and cavern air, kW/(m2.°C);
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h4 = Natural Convective heat transfer coefficient between RCV body shell roof and
cavern air, kW/(m2.°C).
The heat transfer coefficients will vary as a function of both the bodywork temperature and bulk 
air temperature within the tipping hall cavern (see appendix B for their derivation).
A.2.4 Heat Input : RCVs & Machinery in the Tipping Hall
The rate of heat energy given out by RCVs and machinery operating within the tipping hall cavern 
was described by the following expression:
n - P + R
where, n = Number of RCVs operating in the cavern;
R = Rate of heat addition into cavern by non-throughput related equipment (kW);
P = Average rate of heat emitted by any individual RCV within the cavern (kW).
Values used within the model for rate of heat loss (P and R) can be found detailed within appendix
C.
A.2.5 Heat Output : Air-Cavern Interaction
The cavern walls and ceiling were assumed to cool, by natural convection, the tipping hall air. The 
rate of heat transferred was calculated from the following expression:
( h - A + h - Â ) < T - T 2)
where A3* = Surface area presented by the sides of the cavern wall (m2);
A3** = Surface area presented by the roof of the cavern (m2);
h5 = Natural Convective heat transfer coefficient between tipping hall cavern side
walls and cavern air, kW/(m2.°C); 
h6 = Natural Convective heat transfer coefficient between tipping hall cavern roof/floor 
and cavern air, kW/(m2.°C);
T2 = Rock Temperature, °C;
T3 = Air temperature, °C.
The heat transfer coefficients will vary as a function of both the cavern wall temperature and bulk 
air temperature within the tipping hall cavern (see appendix B for their derivation).
A.2.6 Heat Accumulation : Tipping Hall Cavern
Heat accumulation is the net effect on the tipping hall air temperature of the various heat inputs and 
outputs and is evaluated as the rate of change of air temperature multiplied by the mass of air in the 
tipping hall multiplied by the heat capacity of air:
M x c  x A L l
F d t
Where M = Mass of air contained within Tipping Hall Cavern (18,300 kg)
t = Time in seconds
cp = Heat capacity of air (kJ.kg'1.K"1)
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A.2.7 Overall Heat Balance
HEAT INPUT-H EAT OUTPUT = ACCUMULATION Collecting terms and 
substituting the individual components (quantified in sections A.2.1 to A.2.6 above) into the overall 
expression yields the following 1st order differential equation for the rate of change in temperature of 
the air within the tipping hall cavern:
lm'CP'tTm~TÙ+n P +R 
+n (1.3i-io-3 -A+ i.52-io-3 • A )  ( r - r 3)133 
\ -  (1.3 l-lO"3 A +  1.52-10" A k r a -r . )133
Example Data_________________________________________
mass of air in, m kg/sec 33.93
Mass of Cavern air, M kg 18300
heat capacity air, cp KJ/kg oC 1.005
number of RCVs in cavern, n - 2
RCV power release, P kW 45
Equipment release, R kW 35
Area RCV sides A / m2 51
Area RCV roof, A /' m2 30
Cavern Sides, A3' m2 1740
Cavern roof, A3" m2 3240
Inlet temperature, Tin °C 34.1
RCV body temp, T, °C 47
Rock Temp, T2 °C 28
Substituting the above example data into the general expression yields the following expression:
x-3 x-2
.33
^  = /-1.85xl0 xr3+7.00xl0 +1.22x10 
d t  \ - 3 . 9 2 x l 0 ^ x [ r - 2 8 ] '
The integrated form of the above equation is:
Z -1.85 xl0"3x Ta+7.00x10"'
-5
X [47 - t ]  U3'
In + 1 .2 2 x 1 O '5x [ 4 7  - T a ] ' 33 
-3.92 x10"4x[t.-28 ]'33 
-1.85 x10'3-1.63 x10’5x[47 _ t 3 
-  5.21 x 1 0 4 x [t  a-28]033
0..33
where C is an integration constant, found by substituting assumed starting conditions for air within 
the tipping hall cavern at the start of the modelling period, e.g. T3= 33°C @ t=0. In this example C =
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1.84x10+3. It is now possible to calculate the air temperature within the tipping hall cavern as a 
function of time elapsed, frequency of RCV processing and the number of vehicles contained within 
the tipping hallp. Based on the above data the tipping hall air temperature was calculated to be 
35.0°C after twenty minutes of continuous operation.
The following tables (3 to 5 inclusive) represent the calculated the tipping hall air temperature for 
modelling different air extraction rates and different vehicle movement scenarios after sixty minutes 
continuous operation, assuming a starting hall temperature of 33°C. The steady state values for 
tipping hall temperature T3 (i.e. when dT3/dt=0) are within 1% of those values presented below for 
sixty minutes.
Note that the table below presents the results for identical tipping hall cavern and tunnel 
dimensions. However, as part of the modelling work, a number of layout scenarios and equipment 
sizes were examined to establish the minimum cavern volume and tunnel length required. The full 
range of configurations modelled is not reproduced.
Table 3 - Tipping Hall Temperature Model Results (1 hour) @ 25m3/sec A ir Rate
40 35.3 4 37.9
6 39.7
120 33.4 2 34.8
4 36.8
360 32.8 0 32.3
P Ideally the number of refuse vehicles within the tipping hall is a direct function of the frequency of 
vehicles processed through the transfer station -  assuming the same processing time through the tipping 
hall. However for the purposes of investigating the sensitivity of the model these variables are considered 
independently.
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Table 4 - Tipping Hall Temperature Model Results (1 hour) @ 30m3/sec Air Rate
40 34.9 4 37.3
6 39.0
120 33.3 2 34.6
4 36.3
360 32.8 0 32.3
Table 5 - Tipping Hall Temperature Model Results (1 hour) @ 35m3/sec Air Rate
40 34.6 4 36.9
6 38.5
120 33.3 2 34.4
4 36.1
360 32.9 0 32.4
The results demonstrated that at a volumetric air rate of 30m3/sec, the air temperature only 
reached 6°C above ambient air temperature conditions after an hour of operation, when the 
frequency of vehicle movement was one vehicle every 40 seconds and 6 RCVs were present 
within the tipping hall. Note there were 4 locations to unload refuse within the tipping hall (a 
process that would take 3 minutes minimum), therefore the maximum frequency of vehicle 
movement is practically limited to processing one RCV every 45 seconds. Accordingly the 
results for the 30m3/sec volumetric air rate model were presented to the government as part of 
the tender submission.
The model also showed that at an air rate of 30m3/sec, only 15 minutes were required for the air 
temperature to recover from 38°C to 33°C if no RCVs were present in the tipping hall [or 15 
minutes to recover to 34.7°C if 2 RCVs were present].
AIR QUALITY PREDICTION 03/06/01 68
ENGD PORTFOLIO P J RUTTER
Note a case could have been made for setting the extraction rate for the transfer station at 
25m3/sec [see table 3 above] however, 30m3/sec was the minimum rate practically achievable 
with air reuse, whilst still maintaining the specified volume change requirements for different 
areas within the plant. Whilst the model could have been used to challenge those volume 
change requirements by demonstrating an acceptable working environment, it was decided to 
base the tender submission on the extraction rate [this still represented a 60% reduction in 
extracted air volume relative to the original tender].
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A P P E N D I X  B -  D E R I V E D  H E A T  T R A N S F E R  C O E F F I C I E N T S
This appendix contains the complete set of heat transfer coefficients that describe the heat 
transfer interactions between RCVs, moving airflow and the cavern rock surface.
B. 1 FORCED CONVECTIVE HEA T TRANSFER -  AIR AND RCV TUNNEL WALL, h1
The temperature of the cavern walls will be different to that of the air flowing through the tunnel. 
Heat transfer between the tunnel wall and air-flow was predicted with reference to forced 
convective heat transfer for air flow through tubes and ducts.
The results from a number of workers evaluating forced heat transfer of air in tubes have been 
expressed in the general form : Nu = 0.023 Re08 Prn, where n has a value of 0.4 for heating and 
0.3 for cooling; the equation is valid for Re>10,0001. Nu, Re and Pr are the dimensionless 
Nusselt, Reynolds and Prandtl numbers respectively:
R e  = P r  = Nu  =
h x l
For fluids flowing in non-circular ducts (such as rectangular ventilating ducts) the heat transfer 
equations developed for turbulent flow inside circular pipes may be applied - if some equivalent 
diameter is used as the characteristic length term. The heat transfer coefficient for forced 
convection between air and tunnel walls was therefore assumed from such an equation1:
} j x =  0.023 x
z  o-8
' d r - x G ^
Z \« 4
\  k  ;\  j u  y
where, h, = Heat transfer coefficient.
k = Thermal conductivity of air. 
cp = Heat capacity of air. 
p = Viscosity of air.
de= Tunnel equivalent diameter (4 times the hydraulic radius). 
G’ = Mass flow rate of air per unit area.
In this instance, the following parameters apply for the RCV tunnel:
Tunnel height 
Tunnel Width 
Air Volume
5 m 
8 m
30 m3.s'
da = 4
(5 x 8 )
(5 +  5 +  S +  8)
=  6.2m
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The following physical properties for air are taken at the mean bulk temperature3,4 :
Density
Thermal Conductivity 
Heat Capacity 
Viscosity
1.131 kg.nr3 (Air at 35°C, Dew point 28°C)4 
2.7e-5 kW.m‘1°C'1
1.005 kJ.kg-1.°C-
1.91 e-5 N.s.m2
The Reynolds number (Re) was calculated at 2.7e+5; therefore the use of a forced heat transfer 
type relationship was deemed valid. The heat transfer coefficient (h,) was calculated at 1.97e-3 
kW.m'2.K'1
6 .2  CONVECTIVE HEA T TRANSFER BETWEEN RCV BODYWORK AND AIR, h 2
The bodywork of the RCV will be at a temperature governed by solar radiation. Convective heat 
transfer from the surface of the bodywork will warm the air in contact with the RCV. The RCV in the 
tunnel moves parallel to the direction of the flowing air.
Relationships have been developed for heat transfer between single bodies immersed within a fluid 
under turbulent conditions2. Heat transfer is predicted on the basis that the air-flow moving over the 
object creates a completely laminar boundary layer over the whole body. Perry2 presents 
relationships for an immersed flat plate, parallel to the direction of flow, in an infinite fluid as follows: 
The plate length gives the characteristic length for both the Reynolds and Nusselt numbers. The
velocity term in the Reynolds number is the undisturbed free-stream velocity.
In this instance, the following parameters apply for the RCV movement through the tunnel:
The RCV interacts with air flowing through the tunnel in 3 ways. Each mode of interaction is now 
described and the heat transfer coefficient based on the above heat transfer expression:
• RCV stationary within the tunnel, h2’” = 1.5E-3 kW.m*2.oC"1
• RCV moving with the air flow (entering the waste transfer station),h2’ = 2.4E-3 kW.m"2.°C"1
• RCV moving against the air flow (leaving the waste transfer station),
h2”=3.2E-3 kW.m'2.°C'1
The velocity term used to predict the heat transfer coefficient was given by the relative velocity of 
the truck to the air flowing past the RCV in the tunnel.
h = 0-649 x Re°5 x Pr1/3 x y
RCV velocity 
RCV length 
Air velocity
12 km/h (3.3 m/s)
6 m (characteristic “plate” length) 
0.9 m/s
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B.3 HEAT RADIATION BETWEEN RCV BODYWORK AND TUNNEL WALL
The RCV bodywork was assumed to radiate heat energy to the tunnel wall. The RCV and tunnel 
were approximated to non-black concentric cylinders.
When two non-black bodies are situated in close proximity, part of the energy emitted by one body 
will be reflected back to it, then partly reabsorbed and partly reflected again1. The following 
standard expression was used to calculate the heat energy transferred: 1
£ L „ = A ,
where, Q ^o 
A1 
A2 
e1 
e2 
a 
Ti 
T2
A
A2 '
Rate of heat transferred by radiation (kW)
Surface area of vehicle bodywork, m2
Surface area of tunnel wall, m2
Emissivity of vehicle bodywork (i.e. paint, e = 0.92) ref. 2
Emissivity of tunnel wall (i.e. water e = 0.9)
Stefan Boltzman's constant (5.67e-11 kW.m^.K*4)
RCV bodywork temperature, °K 
Tunnel Wall temperature, °K
The RCVs emissivity was based on reported values for paint, whereas the tunnel wall surface 
was simplified to water - given the humid nature of the ambient air and the cooler surface 
temperature of the rock surface. Substituting the relevant values into the above expression 
yields the following simplification:
Qur, = 2.65 >T0-9x(r:-7l)
B.4 HEAT CONDUCTION WITHIN RCV BODYWORK
The bodywork of the RCV was assumed constructed from steel plate, 3mm thick. Perry2 quotes 
a thermal conductivity for stainless steel as 16.3 W .nr1.K'1. The heat transfer coefficient for 
conduction through the bodywork would be 5,400 W.m*2.K'1:
The reciprocals of heat transfer coefficients are resistances. In the case of heat transfer 
between the RCV and air in the RCV tunnel, the convective heat transfer resistance was 
considerably more significant.
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The resistance due to conduction through the metal plate of the bodywork was only minor - 
contributing less than 0.05% of the total. The conductive resistance to heat transfer was 
therefore ignored in all heat transfer considerations.
B.5 HEAT OUTPUT ; RADIATIVE HEAT TRANSFER- RCVS IN THE TIPPING HALL
For an indicative estimate of radiative heat transfer between RCVs and the tipping hall structure 
(roof and walls) the system was approximated to non-black concentric cylinders (as per the 
relationship presented for the radiative heat transfer within the RCV tunnel). Substituting the 
relevant values into the expression stated in section B.3 yields the following simplified equation to 
estimate the rate of heat loss (kW):
Q RAD=2.66 ><io"9x ( r : - r : )
The calculated rate of radiant heat transfer will only affect the temperature of the RCV bodywork, 
since the wall temperature of the tipping hall cavern was fixed (see appendix C for further details).
B.6 CONVECTIVE HEAT TRANSFER - RCVS IN THE TIPPING HALL, h3 & h4
When RCVs operate within the tipping hall the bodywork will warm the surrounding air. RCVs were 
assumed stationary within the tipping hall cavern for the majority of the time. The rate of heat 
transfer by convection from the RCV bodywork was assumed to take place as the result of currents 
caused by the heat transfer process itself - i.e. a natural convection process. Such a process 
depends on buoyancy effects. The rate of heat transfer would be expected to be described by the 
following relationship1,5:
Nu = c (P r . Gr)n
Nu = P r  = Gr  =
A
where, Gr
P
AT
g
n
c
Dimensionless Grashof group.
Coefficient of cubical expansion (K"1)
Temperature difference (K)
Acceleration due to gravity (m.s'2)
0.33 for turbulent conditions (i.e. Gr x Pr = X = 2x107 to 3x1010) 
Constant
For natural convection from a hot body to air at ordinary temperatures and atmospheric pressure, 
the relationship can be simplified1,2,5. For turbulent conditions the heat transfer coefficients for the
AIR QUALITY PREDICTION 03/06/01 73
ENGD PORTFOLIO P J RUTTER
horizontal and vertical planes were assumed to represent the roof and sides of the stationary RCV 
bodywork.
a) Vertical Planes (i.e. sides of RCV bodywork)5
à = 1-31e - 3 x ( r i - r 3) 0'33
b) Horizontal Plane facing upwards (i.e. roof of RCV)5
h i = i -52^ -  3 x ( y  j ~ t  3) ° 33
Assuming the average temperature of the RCV bodywork to be 47°C and a tipping hall air temperature of 
36°C, the heat transfer coefficient for natural convective heat transfer between the RCV and tipping hall air 
would be 2.9e-3 kW.nrr2.K-1 for the sides and 3.4e-3 kW.m-2.K-1 for the roof.
B. 7 CONVECTIVE HEA T TRANSFER BETWEEN AIR AND CA VERN, h5 & h6
The cavern walls and ceiling were assumed to cool, by natural convection, the tipping hall air. The 
tipping hall cavern roof was assumed to be a cool horizontal plate facing down (the equivalent of a 
heated plate facing up), whereas the side-walls were considered as cool vertical plates. The heat 
transfer coefficients were therefore calculated in an analogous manner to those describing natural 
convective heat transfer between RCVs and the tipping hall air (see section B.6 above). However, 
the AT term relates to the temperature difference between the tipping hall air (T3) and the cavern 
rock surface temperature (T2).
b) Vertical Planes (i.e. Cavern side walls)5
= 1 . 3 1 e - 3 x ( j13 — y  2) ° 33 
b) Horizontal Plane facing upwards (i.e. Cavern roof/floor)5
/fc  =  1.52e - 3 x ( 7 ’ 3 - 7 2) “ J
Given an air temperature of 36°C within the tipping hall and a cavern wall temperature of 28°C, the 
heat transfer coefficient for natural convective heat transfer between the tipping hall and the rock 
surface is 2.6e-3 kW.nrr2.K"1 for the cavern sides and 3.0e-3 kW.m'2.K'1 for the roof and floor.
B.8 TEMPERATURE DROP IN RCV BODY SHELL
In addition to evaluating the air temperature changes within the RCV tunnel and the tipping hall it 
was also necessary to model the drop in the RCVs bodywork temperature - the result of 
convective and radiative heat transfer between the RCV and air and the RCV and cavern/tunnel 
wall respectively.
The RCV body shell is approximated to a 3mm thick hollow steel rectangle. Hence the likely 
temperature drop of the RCV was predicted over the maximum of 6 minutes the RCV would
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spend within the transfer station, based on the heat capacity and density of steel and the 
convective and radiative heat transfer coefficients presented above. Accordingly, the maximum 
temperature drop over this 6-minute period was calculated at 5°C.
Given a bodyshell temperature of the RCV entering the cavern of 50°C, the modelling of the air 
temperature within the tunnel was simplified by the assumption that the RCV bodyshell 
temperature (TJ is fixed at this inlet temperature value. Furthermore the temperatures of the 
RCV bodyshell within the tipping hall cavern and leaving through the RCV tunnel were simplified 
to 48 and 45°C respectively.
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A P P E N D I X  C -  B A C K G R O U N D  & S T A R T I N G  A S S U M P T I O N S
The following appendix details the starting assumptions and constraints that framed the heat 
transfer models from the outset.
C. 1 FLOW  OF AIR THROUGH THE RCV TUNNEL.
The flow rate of air was a variable to be optimised by the modelling procedure. The air volume had 
to be sufficient to ensure that the temperature conditions within both the tunnel and main tipping hall 
would not exceed the required standard (6°C above ambient). Conversely, the air-flow needed to 
be as low as possible to minimise the size of odour control equipment and the total quantity of rock 
excavated. Ultimately, the design value of this extraction rate was calculated at 30m3/sec (see 
appendix B for details).
C.2 DIMENSIONS OF THE TUNNEL AND RCVS
Once the decision to use the tunnel to supply air to the tipping hall had been made, the tunnel’s 
cross sectional profile was fixed by the area required for two RCVs to pass within the tunnel. The 
tunnel length was a variable dependant upon the size of tipping hall cavern - a larger cavern would 
necessitate excavating further into the mountain rock and therefore a longer service tunnel, 
ultimately, the dimensions became fixed at:
The eventual tipping hall cavern dimensions became:
Cavern Length = 60 m
Cavern Height = 10 m
Cavern Width = 27 m
The RCV dimensions are as per standard refuse collection vehicles - simplified to a rectangular box 
structure of the following dimensions:
Tunnel Length 
Tunnel Height 
Tunnel Width
60 m
5 m
8 m
RCV length 
RCV height 
RCV width
6 m 
3 m 
2.5 m
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C.3 STARTING TEMPERATURES
Air - The temperature of air entering the tunnel (T3) was based upon seasonal weather 
considerations for Hong Kong. A worst case scenario was envisaged in which the ambient 
air was at 33°C.
Rock - The temperature of the tipping hall cavern and RCV tunnel wall (T2) was assumed to be a 
constant 28°C - the dew point temperature of air at 33°C in Hong Kong. The surface 
temperature of the rock would be constant, on the basis that the huge mass of rock 
surrounding both the RCV tunnel and tipping hall cavern would act as a heat sink 
conducting heat transferred to the wall away from the surface.
RCV - The bodywork temperature of an RCV (T,) was assumed to be 50°C at the entrance to the 
tunnel - the result of radiant heat energy from the sun. The RCV would spend a maximum 
of 6 minutes in the transfer station.
C.4 PREDICTED ENGINE, EXHAUST AND BRAKE HEAT LOSS IN RCV TUNNEL
Heat energy would be lost from running an RCV engine and through applying the brakes -  this 
heat loss was based on factoring the RCV supplier’s maximum engine power output ratings for 
different load estimates. For the purposes of modelling, two scenarios were evaluated:
=> Truck running at 12 km/h (or 15% Engine load"), heat lost assumed to be, QENG = 90 kW.
=> Truck stationary but engine idling (5% engine load), heat lost assumed to be,QENG = 30 kW.
C.5 HEA T INPUT  ; RCVS & MACHINERY IN THE TIPPING HALL
Heat energy was assumed lost to the tipping hall air when RCV engines operate in order to either 
manoeuvre the RCV into position or unload refuse into the compactors. In addition, equipment 
such as pumps and extraction fans operating within the cavern will add further heat energy into the 
tipping hall - independent of RCV movements.
The average rate of heat energy associated with one RCV within the tipping hall cavern was 
assumed to be 45kW per RCV (50% of the heat energy given out by an RCV moving at 12 km.h"1). 
Other ancillary equipment was assumed to heat the tipping hall air at a constant rate of 30kW. 
Note, the compactors were fitted with an independent heat exchange system to water cool the 
hydraulic oil and therefore did not need to form part of this assessment.
a  Heavy Goods Vehicle assumed to have an engine power of 185kW . The thermal efficiency of an engine is taken as 
30% . Assuming all the thermal input becomes heat (ignore noise) then heat lost from an R C V  engine operating at full 
capacity is 616 kW.
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CASE STUDY #2
METHANOGENIC LANDFILL 
LEACHATE TREATMENT
MATERIAL REDACTED AT REQUEST OF UNIVERSITY 
S T A R T  P O I N T
A waste management contractor responsible for the operation of a newly constructed landfill 
site in Hong Kong was given five years to find a suitable treatment route for leachate 
generated at the site. In the interim period the municipal sewage works would take untreated 
leachate from the landfill. After this five-year period of "grace" the leachate would have to 
meet the discharge criteria (e.g. total nitrogen < 200 mg/l). The raw leachate is characterised 
by a very high ammonia content, averaging 4,500mg/l.
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The landfill operator had successfully operated a pilot scale biological nitrification / 
denitrification process at the landfill. The high levels of ammonia present necessitated a large 
soluble organic carbon requirement (e.g. Methanol) for the denitrification process. The large 
quantity of soluble carbon equated to high operating costs. The landfill operator asked RPA to 
consider alternate processes options. From this initial investigation, an integrated design that 
utilised available landfill gas to air-strip leachate at elevated temperatures, was developed as 
an alternative.
The case study is structured into three volumes. The flow of information between the 
separated documents is as follows:
Figure 1 : Overall Structure o f Methanogenic Landfill Leachate Treatment Case Study
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Volume I chronicles the steps taken in establish the viability of air stripping and is served by a 
number of stand alone “satellite” documents contained in a confidential volume. The case 
study evolved over a number of months from desk study through to the design and operation 
of a pilot plant. The project was the most time consuming of all those case studies presented 
in this portfolio. Separating the document, particularly volume I, into supporting texts will make 
reading the case study that much easier.
Volume II is an environmental comparison of the air-stripping based technique against 
biological nitrification and denitrification. This case study is particularly important since it is the 
only investigation that included a rigorous evaluation of any perceived environmental benefit. 
This Life Cycle Assessment highlights that potential environmental benefits of the developed 
air-stripping based treatment system depend strongly on the system boundary chosen.
The result of the investigation was that a viable alternative to biological nitrification and 
denitrification process was found. Ninety seven percent (97%) of ammonia in methanogenic 
landfill leachate solution can be removed without alkali addition. The process relies on thermal 
energy supplied by landfill gas and was found to offer significant running cost savings.
The novel leachate treatment design was compared with the traditional biological process in a 
Life Cycle Assessment - the air stripper based technology was found to offer environmental 
benefits against the following impact categories: resource depletion, global warming, 
aquatic ecotoxicity, photochemical ozone creation and landfill volume. The biological 
ammonia removal design scored favourably in categories such as acidification and human 
toxicity. The categories ozone depletion and nutrification did not clearly favour either 
system.
Taking each impact category and calculating the percentage of the burden relative to total 
global burdens (a normalised impact assessment), it was clear that the sum of the global 
impact scores favouring the air-stripping system outweigh those favouring the biological based 
system. Indeed one would need to weight the combined impacts of acidification and human 
toxicity by a factor of 38 relative to the five impact categories favouring air-stripping (resource 
depletion, global warming, aquatic ecotoxicity, photochemical ozone creation and landfill 
volume) before the biological based system produced a net lower normalised impact. On this 
basis one can build a strong case for suggesting that the air stripper based technology 
produces the lower environmental impact.
Once the case study is read in its entirety, the following cross-references will be useful to 
those readers wishing to evaluate the case study against the starting thesis proposition.
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Where to Find Elements of the Thesis Defence.
Thesis Assumption Test Case Finding
Applied innovative thinking 
backed by engineering theory 
is key to the successful 
application o f clean technology 
strategies to waste 
management.
Information concerning the 
mechanisms o f waste 
generation is important in 
implementing the solution.
Process redesign or 
replacement based on clean 
technology principles can be a 
lengthy and complex project 
involving considerable testing 
and experimentation with 
unproven alternatives
To what extent do the 
identified reasons for 
undertaking clean technology 
apply in solutions identified for 
waste management practices?
Examination of the landfill site as a whole rather than 
focussing on simply the leachate resulted in a design not 
reliant on externally purchased materials, but instead 
using available landfill gas. [Volume 1 section III]
Solution and phase equilibrium considerations highlighted 
the economic potential of ammonia removal without the 
need for significant pH modification - based on 
predictions from laboratory beaker tests and an absence 
of concrete data sources. [Volume 1 section IV and V]
Following construction of a pilot plant mass transfer data 
are presented. [Volume 1 section VII]
Applying Life Cycle Assessment tools allows further 
perspective on potential improvements, including the 
probability that a biological effluent treatment route is 
environmentally favourable in instances where landfill gas 
capacity can be used externally from the landfill site. 
[Volume 2 section III]
The understanding of methanogenic breakdown 
processes within landfill leachate led to the initial belief 
that carbon dioxide would be present in an air strippable 
form from the leachate solution. This starting observation 
was key to the belief that 95% of the ammonia could be 
removed from solution at a pH less than 11. [Volume 1 
section IV]
A commitment from the waste management contractor 
was required to support both the initial design effort and 
laboratory test work.
Having identified potential opportunities a further 
commitment to a pilot plant scale test programme was 
required.
The integration of air stripping, leachate heat transfer and 
landfill gas combustion is a significantly more complex 
arrangement than the alternative biological system. 
[Confidential part E]
The decision by the client to fund the investigation was 
based entirely on the perceived financial gains available. 
The contractor was committed to an operating licence 
covering a 25-year period. [Volume I section VI]
Regulatory issues - meeting acceptable sewer discharge 
concentrations - bound the scope of the problem and 
were never considered a stimulus for the approach taken: 
[Volume II section II]
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The case studies should be 
thought o f as environmental 
improvements.
The method o f investigation 
provides unusual and 
‘reflexive’ findings with wider 
applicability than the 
constraints o f the originally 
framed problem statement.
• Waste minimisation - the use of greater quantities of 
landfill gas in the treatment process. [Volume II]
• Selection of a process route not so reliant upon externally 
purchased raw materials -  in effect the substitution of 
methanol with an increased reliance on landfill gas. 
[Volume 1 section III]
• Carbon dioxide dissolved in solution can be exploited to 
achieve ammonia removal without pH correction. Mass 
transfer correlations are presented to that effect. 
[Volume 1 section VII]
• The biological alternative is penalised in the 
environmental assessment by virtue of requiring an 
organic carbon source derived from a non-renewable 
energy source. [Volume II section III]
• In most environmental categories the environmental 
burdens associated with methanol production are greater 
than those from energy requirements of the entire bio­
plant design. [Volume II section III]
• A combination of both technologies has potential 
applications where insufficient landfill gas volumes are 
available - particularly toward the end of the aftercare 
period. [Volume II section V]
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METHANOGENIC LANDFILL 
LEACHATE TREATMENT 
VOLUME I
A m m o n i a  R e m o v a l  F r o m  La n d f i l l  
L e a c h a t e  B y  A ir S t r i p p i n g
READER’S GUIDE
This document records in approximate chronological order the work undertaken to establish the 
suitability of air stripping as a technology for removing ammonia from landfill leachate. The document 
begins with a review of landfill leachate - how it is generated and what it constitutes (sections I and II). 
Ammonia removal from leachate solution was the key treatment objective in this instance and section III 
considers the possible technologies available for such duties. The landfill operator had already 
successfully built and operated a pilot scale biological ammonia removal plant, and the sponsoring 
company (RPA) had been asked to suggest economically attractive alternatives. Ammonia removal by 
air stripping was considered an appropriate option having integrated landfill gas generated at the site 
into the overall solution.
Laboratory work was undertaken to establish the suitability of landfill leachate for an ammonia stripping 
activity. The results of this work point to the significance of carbon dioxide in leachate on the design 
implications for an ammonia stripper tower (section V). Standard design procedures for ammonia 
stripper towers were used to evaluate the most economic configuration by considering landfill gas, 
electricity and reagent alkali use (section VI).
Finally, having built and operated a pilot scale stripper plant, it was demonstrated that ammonia 
removal could be achieved in a stripper tower without the need for alkali addition. There was sufficient 
air-strippable carbon dioxide present in landfill leachate solution to maintain sufficiently alkaline 
conditions for ammonia removal from 5,000 mg/l to below 100 mg/l. The key to exploiting this ammonia 
removal potential was to air-strip at sufficiently elevated temperatures (70°C) - section VII.
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I. BACKGROUND INFORMATION
Decomposition of landfilled waste material is essentially due to microbiological processes - 
summarised by three major phases1,2:
• Rapid aerobic decomposition uses up oxygen present within the wastes.
• Anaerobic organisms (acetogenic bacteria) hydrolyse and ferment cellulose and other 
putrescible materials, producing simpler soluble compounds such as volatile fatty acids 
(with a high BOD demand) and ammonia.
• Slower growing methanogenic bacteria gradually become established and start to 
consume these simple organic compounds, producing carbon dioxide and methane 
(plus various other trace compounds) which are released as landfill gas.
Hong Kong has site specific factors different from the UK which influence the process of waste 
decomposition in landfills; these include the following1:
• Higher temperatures which accelerate the microbiological decomposition processes, 
resulting in methanogenesis being achieved at an earlier stage than in corresponding 
landfill sites within the UK.
• Different refuse composition - containing more readily degradable organic wastes.
• Clearly defined weather patterns and extreme rainfall events, resulting in less even 
distribution of moisture within the landfill and early progression to methanogenesis in 
high moisture areas.
In spite of the wide variation in landfill types, patterns of decomposition evident in Hong Kong are 
similar to those at UK sites, except that within Hong Kong sites methanogenic conditions become 
established very quickly and concentrations of ammoniacal nitrogen increase to 2 or 3 times 
values which are typical in the UK.1
Richard Paxton Associates (RPA) were approached by a Hong Kong based contractor (landfill 
operator) to produce tender design submissions against a government issued performance 
requirement to treat leachate collected from a landfill site located in Hong Kong. The contractor 
was required to submit operating costs based on a 25 year contract period.
The landfill has a design capacity of around sixty million cubic metres, which is intended to be 
filled with domestic, commercial and non-toxic industrial waste. It is anticipated that filling the 
landfill will take approximately twenty-five years. Thereafter there would be an aftercare 
period to ensure containment and treatment of pollutants; this period is for a further twenty-five 
years.
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Rainfall entering the landfill and liquid contained in the waste form a liquor which is called 
leachate. In the early stages the leachate becomes a high strength contaminant, with typical 
COD 60,000 mg/l. After approximately twelve to eighteen months a natural biological process 
is established reducing the strength of the leachate, to a typical COD of 5,000 mg/l. Thereafter 
the strength decays at a very slow rate3.
Confidential Volume part A, contains supplemental information on the specific site under 
consideration, in addition to photographs of the site and collected leachate.
II. LANDFILL LEACHATE TREATMENT - DESIGN CRITERIA
Leachate from this tropical climate municipal landfill site was characterized by the following 
parameters:
Leachate Flow 650 to 1,500 m3/day (dependant on season).
Total Nitrogen concentration 2,500 to 6,500 mg/l N(measured as TKN“)
Inlet COD concentrations 1,200 to 7,500 mg/l
Collected leachate is discharged to municipal sewer. Prior to discharge, the following criteria 
must be met:
COD concentration < 2,000 mg/l
Nitrogen concentration < 200 mg/l (measured as TKN)
Analytical work demonstrated that the total nitrogen content for the landfill leachate is almost 
entirely present as ammoniacal nitrogen. Evidence from leachate treatment studies undertaken 
at existing Hong Kong landfill sites indicates that even with a total nitrogen content of 6,000 
mg/litre, less than 50mg/litre is present in a form other than inorganically bound or simply 
dissolved ammonia.3
The local authorities gave a dispensation for five years from the commencement of the landfill 
operation to enable the landfill operator to conduct pilot trials to select the most appropriate 
treatment technology.
“ TK N - Total Kjeldahl Nitrogen
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III. TREATMENT TECHNOLOGIES
Having characterised the leachate and its treatment discharge criteria, the following section 
describes the desk study undertaken to select a suitable leachate treatment technique from 
the range of commercially available possibilities.
Ammonia removal and COD reduction are the two key considerations for technologies 
capable of treating landfill leachate.
I I 1.1 AMMONIA REMOVAL FROM LEACHATE
III. 1.1 Biological Treatment Of Leachate Liquor
Biological treatment of the leachate liquor to remove both TKN and COD can be achieved using 
a nitrification/denitrification process. This can be either a batch or a continuous process.
Ammonia is first oxidised to nitrites and then to nitrates in solution using nitrifying bacteria under 
aerobic conditions. Then, as a second stage and under anoxic conditions, denitrifying bacteria 
convert the nitrates in solution into nitrogen gas. This second stage requires a suitably 
biodegradable soluble organic carbon source to be present. The denitrifying bacteria use the 
oxygen in the nitrate ion as the oxygen source for the degradation of this organic carbon.
Due to the low levels of COD anticipated in the landfill leachate to be treated, a significant 
quantity of soluble organic carbon (e.g. methanol) must be added in order to sustain the 
denitrification operation. This method is proven technology for ammonia removal from a landfill 
leachate liquor.4
111.1.2 Zeolite Beds
The use of ion exchange zeolites as a filtration medium for landfill leachate ammonia removal 
has been suggested. Experimental tests have confirmed ammonia removal performance from 
400 mg/l down to levels of 40mg/l (based on a leachate derived from a coastal located landfill 
in Boston, Massachusetts).5
Natural zeolites are a group of hydrous alumino-silicates (AI2SO3) of sodium (Na), calcium 
(Ca), potassium(K), or magnesium (Mg), predominately found in cavities in igneous rocks and 
characterised by a ready loss or gain of water of hydration (desiccation). Many zeolites are 
capable of cation exchange with solutions. In the 1970s, a synthetic zeolite, known as Zeolite 
A, was developed as a non-phosphate detergent. Synthetic zeolites have now become major 
commodity chemicals.
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For landfill leachate treatment (laboratory tests), the ion exchange zeolites are mixed into a 
slurry and deposited on a fabric filter over a vacuum drum. It is stated in the product literature 
that such a system is also capable of reducing BOD, COD, TSS and ID S  in process effluents 
and “non-chemically” shift pH by stripping off carbon dioxide.5
The zeolite material with the adsorbed ammonia can be deposited on the landfill cover as a 
soil nutrient provided toxic substances in the leachate are not adsorbed then released from 
the zeolite. The ammonia adsorbed zeolite material mirrors ammonia-based fertilisers in 
performance. Ion exchange zeolites are natural soil buffers and regulate the adsorption and 
desorption of water (desiccant properties) in soils; therefore they are able to stabilise soils.
At the time of consideration there was no actual operating experience, only laboratory trials. 
Additionally, the manufacturers were unable to provide Zeolite consumption figures and costs. 
Furthermore the trial work was carried out on leachate with an ammonia content over ten 
times less concentrated than our specific leachate (4,500 mg/l as opposed to 400 mg/l). This 
option was therefore not considered further.
III. 1.3 Vapour Re-compression Evaporators.
Low pressure vapour re-compression evaporators can be utilised in treating the effluent from 
landfill leachates. Landfill leachate entering such equipment is evaporated in heat exchanger 
tubes under turbulent conditions. Concentrates accumulate in the bottom of the vessel and 
typically will contain the majority of the pollutant loading - COD, salts, BOD. Steam produced 
from the evaporation is recovered, compressed and recycled to give up its latent heat across the 
heat transfer tubes to the incoming waste landfill leachate. The steam condenses into a 
relatively clean distillate stream for discharge. Steam is added to the process to account for heat 
losses. Concentrates are typically 5-10% of the incoming liquid flow.
For such a process to be viable for treating leachates with a high ammonia content, the following 
issues must be addressed:
a) Heat transfer surfaces will foul - particularly with calcium and magnesium salts.
b) The COD in the concentrate still has to be treated. If the feed COD concentration is 5,000 
mg/l then the concentrate COD concentration could be as high as 100,000 mg/l. It has been 
suggested that the concentrate could be recycled back to the landfill or treated separately.
c) Ammonia will leave as a non-condensed phase with the distillate and this removed ammonia 
still has to be treated.
There was little operating experience with this equipment, particularly at high ammonia 
concentrations. Accordingly this process could not be considered proven technology.
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111.1.4 A ir Stripping
Whilst biological processes can be employed to remove ammonia from aqueous solutions, 
ammonia stripping remains a simple, easy to control and well tried process. Air is passed, 
preferably counter-currently to the leachate, to produce an ammonia-laden air stream and an 
ammonia-reduced liquor stream. To ensure that the ammonia present in solution is there as free 
ammonia and not as ammonium ions, the pH must be raised. Thus, in order to maintain 
optimum ammonia stripping capabilities there will be a consumption of reagent alkali.
Increasing the temperature of the leachate will further improve the stripping efficiency of such a 
system. This offers a means whereby the overall system costs can be reduced. However, this 
does not solve the problem of disposing of ammonia that has been removed from the leachate. 
In common with the evaporator, air stripping has simply transferred the burden from the leachate 
into a gas stream.
Ammonia present in air can be treated by a number of different technologies, including:
Acid Scrubber
Taking the ammonia laden stream and scrubbing it counter-current with a sulphuric acid solution 
will form a solution of ammonium bisulphate and, if enough ammonia is absorbed, a solution of 
ammonium sulphate. The ammonium sulphate produced can be used as an agricultural 
fertiliser. However, the market for an ammonium sulphate by-product from such a process was 
not established for the area in question. Indeed, it was anticipated that a cost would be incurred 
to remove the product from site. Additionally, the reagent sulphuric acid consumption for such a 
system made this proposal unattractive.
Electrochemical Cell
Technology does exist to utilise an electrochemical cell to process an ammonia-laden electrolytic 
solution (NaBr) so as to produce gaseous nitrogen. A suitable electrolyte solution has been 
developed (by EA Technology)6 that would enable it to be used as the scrubbing solution in a 
counter-current packed tower to remove the ammonia from the air stream in a similar manner to 
a sulphuric acid scrubber. The ammonia-rich scrubbing solution would then be passed through 
the electrolytic cell to convert the ammonia to nitrogen. Unfortunately, this use of an electrolytic 
cell has only recently been demonstrated and patented. As such the process remains 
inadequately proven in an industrial application.
Oxidation o f Ammonia Laden Air-stream
A well proven technology for ammonia disposal is to oxidise it to form nitrogen using either a 
catalytic or thermal oxidation route. Normally the fuel consumption costs required for such a
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technology are significant; high temperatures are necessary to achieve adequate ammonia 
destruction. However, landfill gas is available at the site which would otherwise be flared or used 
as a means of generating electricity.
I I 1.2 COD Reduction
The leachate that arrives at the proposed facility could have levels of COD that, on occasion, will 
require treatment prior to final disposal to sewer.
It was not expected that the COD would exceed the allowable sewer discharge limit by much, 
and frequently the COD was expected to be below the limit. On this basis, the COD reduction 
process needs to be more of a polishing process to be used as and when required rather than a 
dominant feature of the overall process. Within the context of the options described above for 
ammonia removal a number of options exist:
111.2.1 The Biological Process Route (as described above)
The biological ammonia removal process as discussed above would reduce the COD loading of 
the leachate within both the nitrification stage and denitrification stage, sufficiently to meet 
discharge consent criteria. The process would produce bio-solids that require removal, 
thickening and de-watering prior to disposal - probably to landfill.
111.2.2 The Biological Process Route (after ammonia removal).
A biological plant utilising activated sludge in either a continuous process (e.g. typical sewage 
treatment type of process) or in sequential batch reactors (SBRs) could be arranged so as to 
enable any COD reduction to proceed as and when necessary. This process would follow the 
ammonia removal stage.
111.2.3 Oxidation Ditch or Trickling Filter Technology
These methods of exploiting biological COD reduction have their benefits in many situations. 
However, in the context of this proposal their greater land area requirements relative to the same 
capacity SBR activated sludge process plant made them less favoured in this instance.
111.2.4 Electrochemical Cell
Electrochemical cells can be used for COD reduction duties. The leachate solution would be the 
electrolyte passed through the cell. The cell would utilise the dissolved salts (especially the 
chlorides) within the leachate to carry out the COD reduction.6 It may be necessary to add further 
chloride (for example, in the form of sea water) to aid this process. In fact, with the correct 
choice of electrode surfaces, the process could be applied to both the COD reduction and the 
nitrogen removal (see section III.1.4 above) as a single stage process.
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Unfortunately, the application of this technology [as with the ammonia oxidation duty] to this type 
of effluent stream has not been extensive and thus is not supported by sufficient proven industrial 
experience.
111.2.5 Activated Carbon
Activated Carbon units reduce the COD for these types of effluent steams. However, the 
quantities of carbon that would be required make the economics of such a system highly 
unfavourable. There is also the problem of the disposal of the spent activated carbon or of its 
regeneration plus disposal of the high COD regeneration stream.
111.3 VARIABILITY OF INPUTS AND THE MOST APPROPRIA TE TECHNOLOGY
In the light of the design criteria (section II), the primary duty of the proposed leachate pre- 
treatment plant was to process a leachate stream where the TKN concentrations would be high. 
There was a possibility of significant variation in both the analysis and the flow of what was to be 
processed. The volumetric flow could, to a certain extent, be controlled during the early stages 
of the landfill contract by the rate of pumping.
The treatment process must therefore be flexible as to the level of TKN that can be processed, 
and must be able to process potentially wide variations in TKN without the need for complex 
plant controls/responses and without significant increase in operating costs.
It was anticipated that as landfill leachate was pumped from within the landfill sites (by lowering 
the leachate level in the landfill) there would be minor variations in the composition of the 
leachate. These would result from local concentration build-ups (pockets of leachate) which 
would not have formed part of the bulk flow of leachate through the landfill. This variation could 
for instance correspond to localised zones containing higher or lower component concentration.
Of particular concern are local concentration build ups of biocidal or other types of microbial 
inhibiting materials, for example chlorinated solvents and heavy metals7. These local variations 
may or may not have a detrimental effect on the operation of any biological process for either 
ammonia or COD reduction. However, if the leachate is first air stripped [at above ambient 
temperatures] then a number of these contaminants would tend to be stripped off into the air 
flow.
A catalytic oxidation system, like biological treatment, would be susceptible to variations of input 
loading and to rogue inputs. Heavy metals, chlorides, fluorides and sulphur are all potential 
poisons or inhibitors to these types of catalyst8. Catalyst poisoning could therefore become a 
major operational problem. Similarly, it was anticipated that electrolysis systems may be
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susceptible to inhibition6. Additionally, catalytic systems to oxidise ammonia require precise 
temperature control since swings in temperature can have a marked effect on catalyst 
performance and catalyst life8.
With these considerations in mind, the technology route described in the diagram below (figure 1) 
and in the text that follows was selected as a potentially applicable concept:
Figure 1 -Process Concept - Ammonia Stripping
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(a) Ammonia removal via air stripping - run at elevated temperatures to reduce running costs. 
The temperature elevation will be achieved by burning landfill gas in a dedicated heat 
exchange system.
(b) Thermal oxidation of the ammonia laden stripping air using a specifically selected fluidised 
bed process with heat recovery. The heat input requirement will be met by the use of landfill 
gas with gas oil as a standby energy source.
(c) SBR based activated sludge biological treatment to reduce the residual COD loading, but 
protected from input fluctuations by the ammonia stripping operation. This COD reduction 
was not expected to be a requirement throughout the duration of this project, but there will be 
periods when it is necessary.
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Box 1 - Clean Technology Principle: Integrated Approach to Design
This particular process route was selected with reference to the entire landfill site not by 
considering the leachate alone. Landfill gas was available and therefore its use was 
considered in formulating the solution. Landfill gas would provide the necessary thermal 
energy to run the stripper tower at elevated temperatures and thermally oxidise the 
ammonia-laden off-gas from the stripper tower.
The Hong Kong landfill operator (the client) had already built and operated a pilot scale 
nitrification / denitrification biological treatment plant and established that successful nitrogen 
removal required significant quantities of soluble organic carbon. The client was therefore 
interested in comparing the biological based system with the above air-stripping based 
technology route with a view to improving the economics of leachate treatment.
The next section of this document details the laboratory test work and innovative design 
efforts required to complete such an initial comparison. The comparison favoured the 
stripping tower regime and accordingly a pilot scale test rig was designed and operated at the 
Hong Kong landfill site. The results of this pilot plant investigation and possible application to 
similar situations completes this document.
IV. LABORATORY EXPERIMENTS: LANDFILL LEACHATE
In an aqueous solution ammonia reacts reversibly with the water as follows:
NH3 + H20 ± ;N H 4+ + 0H-
At a pH of 7 or lower, the ammonia is predominantly present as N H / ions. As the pH is 
increased, the above reaction is driven toward the left, such that at a pH of 12 or greater, in 
effect, only free ammonia (as a dissolved gas) is present in solution.
When an ammonia solution is stripped with air, it is only the concentration of the free ammonia in 
the aqueous phase which determines the rate and extent of ammonia transfer across the phase 
boundary, not the ammonium ion concentration. The standard procedure for air stripping 
ammonia is to increase the pH of the ammonia laden liquor entering the stripping tower. Usually 
the solution pH is raised to above 11. This ensures that throughout the stripping tower the 
ammonia - ammonium solution equilibrium is pushed towards free ammonia.9
Laboratory work was carried out to establish the likely reagent alkali addition to yield satisfactory 
pH conditions for air stripping ammonia from the leachate liquor.
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It was found that significant quantities of alkali (in the form of reagent grade caustic solution) 
needed to be added before the solution pH reached 11, the value deemed necessary to ensure 
efficient ammonia removal. The landfill leachate therefore acted as a strong buffer to alkali 
addition, it was hypothesised that this buffer could have been caused by dissolved carbon 
dioxide.
Methanogenic bacteria within landfill leachate produce carbon dioxide and methane which is 
released as landfill gas. This landfill gas is effectively in equilibrium with the leachate in the 
landfill. Landfill gas typically consists of approximately 35% by volume carbon dioxide11. Carbon 
dioxide should be therefore be present within the leachate solution; possibly as ammonium 
carbonate.
Carbon dioxide is noted as being almost insoluble in water12. Therefore if carbon dioxide was 
present in solution, could this be easily removed? If so, this could reduce the buffering capacity 
of landfill leachate to reagent caustic addition and reduce the cost of ammonia stripping. A 
laboratory test was started in which leachate solutions were aerated at ambient temperatures 
over 24 hours at different air rates. The results are reproduced graphically below in the form of a 
titration of the aerated samples after 24 hours aeration -  see figure 2. The aeration apparatus 
consisted of plastic tubing held at the base of a beaker containing the leachate sample.
For comparative purposes the caustic addition one would expect for a pure ammonia-water 
system (of equivalent ammonia content ~ 4500mg/l) is plotted on the same graph (figure 2).
By aerating the leachate solution the quantity of caustic required to raise the leachate solution’s 
pH to 11 was halved, consistent with the hypothesis that caustic consumption is increased by the 
buffering action of carbon dioxide. Clearly, there would be a benefit in aerating the leachate prior 
to ammonia stripping. The ammonia levels and chemical oxygen demand were recorded before 
and after the aeration experiments but only a minor reduction in ammonia concentration was 
observed (<5%).
The pH of the leachate solution was increased as a result of the aeration experiments in the 
laboratory (from pH 8.1 to 9.3). An increase in pH would be expected if carbon dioxide (C 02) 
had been removed from the leachate solution. This further enhanced the belief that significant 
quantities of carbon dioxide were present in solution possibly as ammonium bicarbonate 
{NH4HC03} or ammonium carbonate {(N H ^C O J and the rate of C 02 removal from solution 
probably proceeded as follows:
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Figure 2 - Buffering action o f leachate to caustic addition
Caustic Added
Titration for high aeration rate 
Titration for medium aeration rate 
Titration for low aeration rate
■X— Titration for non-aerated solution 
■A—pH change with non-buffering solution
Experimental details : Leachate sample Volume = 2 litres (in 3 litre container)
High Aeration = 1680 ml/min (air @  1 barg)
Medium Aeration = 216 ml/min 
Low Aeration = 13 ml/min
Caustic Added (ml of 1N NaOH added to 100ml of sample after aeration)
Duration of Experiment 24 hours
a) The conversion from NH4HC03 to (NHJ2CO3 with the consequent release of C 0 2 into 
solution.
b) The conversion of the (NH4)2 C 03 into NH3) C 02 as dissolved gases in solution.
c) The diffusion of these dissolved gases from the liquid phase to the gas liquid surface 
and its transfer across the phase boundary into the gas stream.
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At this stage, it was not considered probable that sufficient carbon dioxide could be air-stripped 
from solution to keep the solution pH high enough for all the ammonia present to be removed in 
the same air-stripping operation. Instead, the removal of ammonia from landfill leachate was 
considered to be a two stage air-stripping process: the first stage would remove as much of 
the dissolved carbon dioxide as practicable and therefore minimise the reagent alkali quantity 
needed for leachate pH correction, prior to a second air-stripping stage to remove ammonia 
(see figure 3 below).
Figure 3 - Revised Plant Concept
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V. DESIGN CONSIDERATIONS
The removal of part of the leachate solution’s buffering effect on pH (by air-stripping carbon 
dioxide) was assumed to take place in a separate stripper tower to the level achieved in the 
laboratory aeration trials. Given the uncertainty in scaling the relative mass transfer 
efficiencies from the laboratory to full-scale equipment the size of the aeration tower was 
chosen to reflect the ammonia stripper tower size. This principle allowed spare equipment to 
be shared between the two duties - leachate aeration and ammonia stripping. The two 
separate process steps are referred to in the remaining text as “ leachate aeration” and 
“ammonia stripping”.
The design of the ammonia-stripping tower would be evaluated by adapting standard design 
procedures for ammonia stripper towers to landfill leachate (this standard design procedure 
can be found in Confidential Volume part B). The key to this adaptation was modifying the 
Henry’s Law constant to reflect the change in phase equilibrium for different system 
temperatures and solution pH values within the stripping process. Temperature variations 
could be provided by burning landfill gas, whilst variation in leachate pH would be achievable 
through alkali addition as reagent caustic.
The effect of temperature on the Henry’s Law constant is well established in the published 
literature9,13. However, to modify the Henry’s Law constant for pH variation it was necessary 
to examine the ammonium-ammonia solution equilibrium and its effect on equilibrium partial 
pressures. Furthermore, a means of estimating how ammonia removal from solution affected 
solution pH was achieved through examination of the known variation of aerated leachate’s pH 
to alkali addition.
The following text deals specifically with the theoretical basis behind adapting Henry’s Law 
constants to suit different tower conditions.
V.1 AMMONIA - AMMONIUM EQUILIBRIA
The relationship between ammonium (NH4+(aq)), ammonia in solution (NH3(aq)) and ammonia gas 
(NH3(g)) is best described by considering the following equilibrium relationships:
NH4 (aq) + OH (aq) #  NH3(aq)+ H20  #  NH3(g)
METHANOGENIC LANDFILL LEACHATE
VOL 1 -  AMMONIA REMOVAL FROM LANDFILL LEACHATE BY AIR STRIPPING
98
ENGD PORTFOLIO P J RUTTER
The second equilibrium, the phase equilibrium, is described by a Henry’s law constant for a given 
set of conditions. The first equilibrium is a solution equilibrium corresponding to the reaction of a 
weak base (ammonia) with water. The corresponding equilibrium constant for a dilute solution is 
given by:
Tr _\N H X>m  
Kh INHJ
The literature quotes values for pKb (note pKb = -log^Kb) as 4.78 at 298K12
It is possible to back calculate from the total ammonia concentration [N H /] and [NH3] in solution 
to predict the [OH ] concentration (solution pH) and the ratio between [N H /] and [NH3], for any 
given equilibrium data. This is illustrated below in box 2.
Box 2 -  Applying Solution Equilibrium to Phase Equilibrium Data (NH3-Water System)
Consider the following phase equilibrium data presented in Perry13 : a liquid ammonia mole 
fraction of 0.005 corresponding to a gas mole fraction of 0.0565 at equilibrium (or a partial
pressure of 5700 N/m2 at 298K, 1atm). The liquid ammonia mole fraction equates to a
concentration of 2.92 gmol/l (or 50,000 mg/l in mass terms).
We can write 3 independent expressions:
- Ammonia Balance, 2.92 gmol/l = [N H /] + [NH3] (1)
- Ionic Balance, at equilibrium, [NH4+] = [OH ] (2)
- Solution Equilibrium Expression.
pr iNHjiOFT]  . n -4.78 ( 3 )
Kh iN m  1U
substituting (1) and (2) into (3) leaves the following quadratic equation to be solved; 
10"478.(2.93-[NH4+]) = [NH4+] 2 (4)
The solution to equation 4 yields one positive root corresponding to an ammonium ion 
concentration, [NH4+] of 0.007gmol/l. Thus the hydroxyl ion concentration, [OH-] equals 0.007 
gmol/l (pH of 11.8), and a free ammonia concentration in solution, [NH3] of 2.91 gmol/l.
Hence the equilibrium data for pure ammonia water systems can be more specifically broken 
down as follows:
Liquid : Total ammonia 2.92 gmol/l : {2.913 gmol/l NH3, 0.007 gmol/l NH4+, pH 11.8}
Gas : Equilibrium partial pressure 5700 Nnr2.
METHANOGENIC LANDFILL LEACHATE
VOL 1 -  AMMONIA REMOVAL FROM LANDFILL LEACHATE BY AIR STRIPPING
99
ENGD PORTFOLIO P J RUTTER
V.1.1 Applying Solution Equilibrium Relationships To Published Henry’s Law Constant Data.
In the case of landfill leachate the ammonia will probably exist as ammonium carbonate and 
therefore the solution pH, for a given total ammonia content, is lower than the an equivalent pure 
ammonia-water solution. A mechanism was therefore required to predict the phase equilibrium 
for such solutions.
In this, the first design effort, it was hypothesised that the system pH could be used to modify the 
Henry’s Law constant for pure ammonia systems and apply this modified constant to landfill 
leachate solutions. The modification was based on the ratio of free ammonia ions for a particular 
leachate solution pH to the free ammonia ions that would be present in a standard aqueous 
solution (i.e. to which the published Henry’s Law constant applies). It is the concentration of 
ammonia as free ammonia in solution that affects the phase equilibrium (the partial pressure of 
ammonia gas). Box 3 is provided to illustrate the point.
Box 3 - Modifying Henry's Constant
With reference to published equilibrium data13, the Henry’s Law constant for ammonia-water 
systems at 70°C is 7.6 atm/mole fraction. Given an ammonia concentration of 2,000 mg/l 
(0.117gmoi) a modified Henry’s Law constant for landfill leachate at 70°C and pH 8.8 is 
calculated as follows:
Step 1. Calculate the Composition of the Ammonia-Water System For Which Henry’s 
Constant Applies.
Using 10"478.(2.93-[NH4+]) = [N H /]2 (see Box 2 above), [NH4]+ is calculated at 0.0013 gmol/l, 
and 0.116gmol/l will be present in solution as free ammonia, [NH3].
Step 2. Calculate Ammonia-ammonium distribution in leachate at a pH of 8.8
Solution Equilibrium: „  iN H lM O IT ] 1 n-4 78 (1 )
Kh mm 1U
Mass Balance : [NH3] = [Total NH3] - [NH4] (2)
Substitute (2) into (1) and solve for [NH3]
[T o ta l_ N H }W m  (3)
io~47* + [ c m
At a pH of 8.8, the [OH-] is 3.16E-4 gmol/l. [Total_NH3] = 0.117 gmol/l or 2,000mg/l. 
Therefore equation 3 solves to give [NH3] = 0.032 gmol/l.
Step 3. Evaluate Henry’s Law constant based on the ratio of free ammonia in solution 
for published equilibrium data and the landfill leachate solution.
Modified Henry’s Law Constant, H = Published H * [NH3]leachate / [NH3]pURESYSTEM 
H = 7.6 atm/mole frac. * 0.032 gmol/l / 0.116 gmol/l = 2.1 atm/mole fraction
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In the above illustration a landfill leachate solution at pH 8.8 will restrict the equilibrium partial 
pressure of ammonia by a factor of almost 4 in comparison with standard ammonia-water 
solutions. For any given temperature and leachate solution pH, the Henry’s Law constant can be 
evaluated; the higher the temperature and the higher the solution pH the greater the Henry’s law 
constant and the easier the mass transfer of ammonia into the gas phase.
V.2 PREDICTING pH OF AMMONIA STRIPPED LEACHATE
Standard ammonia removal techniques require the solution pH to be maintained above pH 11. 
Failure to add sufficient alkali would result in poor mass transfer of ammonia into the gas phase - 
explained by the solution equilibrium. In the case of landfill leachate, even after the laboratory 
aeration experiment, considerable quantities of alkali are still required to raise its pH. This 
quantity far exceeds the amount expected for a standard ammonia solution of equivalent 
ammonia strength.
An approximate approach was required to predict the fall in solution pH as a function of ammonia 
removal from already aerated leachate solutions. Using the experimental titration of caustic 
addition versus aerated leachate pH (see section IV, Figure 2) it is possible to calculate the 
caustic required to raise a given mass of leachate to a set pH, and therefore to also use such a 
relationship to predict the fall in pH for a net drop in hydroxyl ion loss (associated with the 
conversion of ammonium to ammonia in solution).
Uncertainty surrounded the exact composition of the buffer and more importantly how it would 
change in an air stripping operation at elevated temperatures. The following assumptions were 
made to conservatively calculate the final pH value of landfill leachate after ammonia stripping 
from a solution at a given inlet pH (and thus conservatively predict quantity of alkali required to 
achieve the desired inlet pH):
1) The change in total ammonia content would be used to evaluate the change in 
hydroxyl ion content and not the net change of ammonium ions in solution - as would 
be the standard case;
2) The relationship between caustic addition and aerated landfill leachate solution pH 
would only be used within the known ranges (i.e. pH > 9);
3) The release of hydroxyl ions as the result of any further C 02 removal is not 
accounted for during the ammonia stripping operation -  to further increase the 
conservatism of the design.
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Using these three assumptions, an inlet pH of 10 was calculated as being sufficient to ensure 
that the pH of leachate exiting the tower would still be greater than pH 9 even after 3,000mg/l of 
ammonia had been stripped from solution. The standard approach of increasing the solution pH 
above 11 before air-stripping would be unnecessary given the solution’s buffering action to pH 
changes.
VI. ECONOMIC EVALUATION
Having established the methodology for designing an ammonia stripping tower for pre-aerated 
leachate, a number of different stripper tower designs with variations in leachate temperature, 
gas rate and leachate pH were economically evaluated. To recap, the methodology behind the 
simplified design procedure was based on the following:
(i) NH4+(aq) - NH3(aq) equilibrium
(ii) varying Henry's Law constant with temperature and solution equilibrium at a given pH
(iii) the leachate pH titration with reagent caustic
The economic evaluation was for a full scale plant operating at a design leachate flow of 1,000 
cubic metres per day. Each design possibility was assigned a running cost based on electrical 
consumption, heating energy requirements and the reagent alkali addition. The ammonia 
content of the raw leachate was set to 3,000 mg/l TKN and the inlet COD at 3,000 mg/l. Against 
this the final plant must achieve an outlet TKN concentration of 200 mg/l and a COD of 2,000 
mg/l.
The following diagram (figure 4) sets out the process used in the economic evaluation. The 
process incorporates: an aeration stage to remove the solution buffer associated with dissolved 
carbon dioxide; an ammonia stripping stage; an ammonia gas oxidation stage; the necessary 
intermediate heat input and pH modification operations. In addition, the stripping and aeration air 
streams require treatment via thermal oxidation; and after ammonia removal a final biological 
treatment stage is required to lower the effluent’s chemical oxygen demand.
There will be an economic trade off between the cost of fuel for heating the leachate and the cost 
of caustic for raising the pH of the leachate. The full economic evaluation required quantification 
of the following factors:
♦ Energy required to heat the leachate could be supplied by landfill gas, which could otherwise 
have an off-site use. Landfill gas was therefore considered a valued resource. The value of 
gas oil, a readily available fuel source, was chosen to cost landfill gas on a heat content 
basis.
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♦ Increasing the gas flow rate for both aerating and ammonia stripping duties will increase the 
heat load associated with any unit oxidising the ammonia laden air stream. This heat load 
could be associated with burning landfill gas, and thus the economic evaluation maintains the 
assumption that landfill gas is a valued resource.
♦ There are practical limitations on the ratio of liquid to gas flow through any packed tower. 
Packed towers are subject to minimum wetting rates and flooding conditions at the extremes 
of these ratios. Operation outside these limits incurs a reduction in mass transfer efficiency. 
Such possibilities were excluded.
♦ The electrical consumption of all equipment including fans, pumps and tank aerators was 
included. Therefore variances such as packed bed height were accounted for by virtue of the 
electrical fan power to overcome the column pressure drop. The local cost of electrical energy 
supply was assumed; although landfill gas could in principle be used as a fuel source for an 
on-site generator.
Figure 4 - Plant Concept for Economic Assessment
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The calculation procedure to size the ammonia stripping tower, for a given set of starting 
conditions, to specify the gas rate, column height and column pressure drop is contained within 
part B of Confidential Volume.
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Box 4 - Evaluated Optimal Stripper Tower Configuration (before Pilot Plant)
Calculations at the time showed that an ammonia stripping tower working at temperatures of 
around 60°C and an inlet pH of approximately 10 would be capable of stripping ammonia to the 
desired levels and provided the most economic combination of equipment and operating costs 
over the 20 year duration of the project. The liquid to gas ratio corresponding to this evaluated 
optimum was 4,600 kg/hr dry gas to 9,200 kg/hr leachate (1:2).
VI. 1 ECONOMIC ASSESSMENT ANALYSIS
Client confidentiality prevents the presentation of the actual economic costs involved. Therefore
the results of the economic assessment are presented on a relative basis:
1. A physical / chemical ammonia removal represented a potentially attractive economic 
alternative to biological nitrification / denitrification techniques.
=> Running costs of air-stripping represent a 62 % saving over biological system.7
The costs for the biological system are based solely on the addition of an organic carbon 
source to the denitrification stage. Therefore the potential economic benefit of air-stripping is 
likely to be greater than the 62% identified when electrical energy costs are included.
2. Within the stripper plant concept there is an economic trade off between the cost of reagent 
alkali versus thermal energy provided by landfill gas. Consider two stripper tower scenarios, 
one at 60°C and the other at 35°C. In each instance the calculated economic optimum inlet 
pH is 10 for 60°C and 11 for 35°C. Overall this economic assessment is distilled into:
=> 25% saving in operating costs for an air-stripper system @ 60°C rather than 35°C.
3. When operating the stripper tower at 60°C, the following relative breakdown of running costs 
were evaluated relative to the total :
=> Reagent Alkali : 38%
Y By valuing landfill gas, the biological nitrification /  denitrification process (which does not require landfill gas for 
thermal uses) is fairly compared to the air-stripper based system, since the available landfill gas is assumed to be a 
commodity exported from the site.
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=> Leachate Heating & NH3 oxidation : 
=> Electricity Costs :
=> Other (incl. Bio-solid disposal) :
31%
21%
10%
Running the ammonia stripper tower at a pH of 11 and a temperature of 35°C pushes the 
reagent alkali’s contribution to running costs to 50% of the total.
These comparisons are based solely on running costs and accordingly exclude all evaluations of 
capital expenditure. Utilising gas oil prices to evaluate the value of landfill gas skews the 
economic assessment such that options requiring higher heat inputs are penalised - unless 
landfill gas can command a value commensurate with gas oil in the market place.
Therefore the 25% running cost improvement from operating the ammonia stripping tower at 
60°C rather than 35°C is probably an underestimate.
Following the economic assessment the landfill operator was keen to pursue the perceived 
economic advantage of air-stripping against the biological based pilot plant system already 
operating at the landfill site. At this time it became apparent that no external outlet for collected 
landfill gas could be established (either as a fuel or exported electricity). Landfill gas could only 
be used to generate electricity or thermal heat for on-site requirements. The economic 
advantage of the air-stripper based system over the biological base system was increased since 
landfill gas would now be seen as a free commodity.
The design of a pilot plant air stripper plant was commissioned to confirm the validity of an 
ammonia removal process. One area requiring particular investigation centred around the 
removal of the carbon dioxide buffer within a packed tower configuration (the de-buffering stage).
The equipment configuration for the pilot plant together with the recorded data are contained in a 
stand alone document - see Confidential Volume part C “Pilot Plant Results - Ammonia 
Stripping”. The trials were conducted on methanogenic leachate from a Hong Kong landfill site 
using a stripping tower (internal diameter 250 mm) filled with 16mm plastic Pall rings to a 
packed depth of 7 metres.
VII. RESULTS OF PILOT PLANT INVESTIGATION
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Box 5 - C ontribu tion  to Knowledge
T h e  p r in c ip a l  f in d in g  t o  c o m e  o u t  o f  t h e  in v e s t ig a t io n  w a s  t h a t  a m m o n ia  r e m o v a l  c o u ld  b e  
a c h ie v e d  w i t h in  one s t r i p p e r  t o w e r  w i t h o u t  t h e  n e e d  f o r  a lk a l i  a d d i t io n .  T h e r e  w a s  s u f f i c ie n t  
a i r - s t r i p p a b le  c a r b o n  d io x id e  p r e s e n t  in  la n d f i l l  le a c h a te  t o  m a in t a in  s u f f i c ie n t l y  a lk a l in e  
c o n d i t io n s  f o r  a m m o n ia  r e m o v a l  f r o m  5 , 0 0 0 m g / l  t o  b e lo w  1 0 0 m g / l .  T h e  k e y  t o  e x p lo i t in g  t h is  
a m m o n ia  r e m o v a l  p o t e n t ia l  w a s  t o  a i r - s t r ip  a t  s u f f i c ie n t l y  e le v a t e d  t e m p e r a t u r e s  ( 7 0 ° C ) .
O n  t h e  p i lo t  r ig  u n i f o r m  c o lu m n  t e m p e r a t u r e  p r o f i le s  w e r e  a c h ie v e d  o v e r  t h e  e n t i r e  d e p t h  o f  t h e  
p a c k e d  b e d  b y  in s t a l l in g  a  s t e a m  g e n e r a t o r  t o  s a t u r a t e  t h e  in c o m in g  s t r i p p in g - a i r  f lo w .  T h e  
f o l lo w in g  g r a p h s  a r e  p r e s e n t e d  b y  w a y  o f  a n  o v e r v ie w  o f  t h e  c o n d u c t e d  t r ia ls .
VII. 1 AIR STRIPPING LEACH A T E A T  70°C
4.500 
4,000  -
3.500  |
g  outlet
5.4 2.8 2.4 2 1.8 1.7 1.6 1.5 1.2
Ratio o f L /G _d ry  (m a s s )
N o te ,  in  t h e  a b o v e  g r a p h ,  G _ d r y  r e fe r s  to  t h e  m a s s  o f  d r y  a i r  e n t e r in g  t h e  s t r ip p in g  t o w e r .  I t  is  
b a c k  c a lc u la t e d  f r o m  m e a s u r e d  v a lu e s  o f  t h e  v o lu m e t r i c  g a s  r a te  le a v in g  t h e  t o w e r  a t  a  
m e a s u r e d  t e m p e r a t u r e .  T h e  g a s  le a v in g  is  a s s u m e d  t o  b e  s a t u r a te d ;  t h u s  s t a n d a r d  h u m id i t y  
d a t a  f o r  a i r - w a t e r  s y s t e m s  w e r e  u s e d  to  e v a lu a te  t h e  g a s ’ s p e c i f ic  v o l u m e 10 a n d  c o n v e r t  t h e  
v o lu m e t r i c  r a te  in to  a  m a s s  r a te .  L  r e fe r s  to  t h e  m a s s  o f  l e a c h a te  e n t e r in g  t h e  s t r i p p e r  t o w e r .  
T h e  d a t a  c o r r e s p o n d s  t o  a  m e a n  c o lu m n  t e m p e r a t u r e  -  t h e  a v e r a g e  o f  6  t e m p e r a t u r e  p r o b e s  
p o s i t io n e d  a lo n g  t h e  d e p t h  o f  t h e  p a c k e d  b e d .
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VI1.2 AIR STRIPPING LEACHATE AT 50°C
P J RUTTER
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VII.3 AIR STRIPPING LEACHATE AT 25°C
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VII.4 ACCEPTABLE CONDITIONS FOR AIR STRIPPING LEACHATE
Adequate ammonia removal from landfill leachate (i.e.>90%) was only practical at elevated 
temperatures. Given the requirement for outlet ammonia concentrations below 300 mg/l an 
operating temperature of between 65 and 70 degrees Celsius was necessary. At these 
elevated temperature ranges, liquid to dry gas mass ratios at or below 1.4 were appropriate, 
although at the higher temperature range considered (70°C) the L/G ratio can increase up to 
1.8 and still achieve satisfactory ammonia removal efficiencies within a 7m packed bed depth.
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By way of comparison, texts9 state that for standard ammonia stripping systems (96% 
removal) 360CFM is required per g pm* at 62°F (a L/G ratio of 0.4) and 99% ammonia removal 
at operating temperatures of 60°C requires a L/G ratio of 1.4. Note that the packed depth 
quoted for 96% ammonia removal at 20°C is 3.7 metres.
VI1.5 MASS TRANSFER PROPERTIES
Part D of Confidential Volume details the work undertaken to model the ammonia stripping 
process based on the results of the pilot plant. The modelling work utilises equilibrium data for 
ammonia-carbon dioxide-water systems" and applies it to landfill leachate. The analysis was 
ultimately limited by uncertainty regarding the actual quantity of carbon dioxide air-stripped 
from the leachate solution.
A computer model was written to incrementally evaluate overall mass transfer coefficients and 
equilibrium relationships within the counter current stripper tower. Implicit in the computer 
modelling is the presumption of a constant overall mass transfer coefficient for ammonia and 
carbon dioxide through the entire column depth. However, the modelling process 
demonstrated a varying equilibrium relationship through the column, particularly at low 
operating temperatures (<70°C). The analysis was restricted to providing data applicable to 
simplified design procedures - an equilibrium ratio (Henry’s Law constant) and height of 
transfer unit (H0L) at temperatures of 70°C. Furthermore only ammonia removal was 
considered. Those readers unfamiliar with this terminology should refer to part B and part D of 
Confidential Volume for background reading.
The following text is intended as brief overview of the outcome identified in Part D of 
Confidential Volume and enables the design of future stripper plants for ammonia removal 
from landfill leachate to be estimated.
VII. 5.1 Equilibrium Ratio
Based on considering the likely carbon dioxide content of landfill leachate through the length 
of the stripper tower, a suitable equilibrium ratio (a form of Henry’s Law constant) for ammonia 
is considered to be 2.1 atm / liquid mole fraction at 70°C. This value is in good agreement 
with the value predicted by the methodology outlined in section V.1.1, utilising solution 
equilibrium to modify the Henry’s Law constant for pure ammonia-water systems.
* gpm - gallon per minute
“ This equilibrium data was not available at the time of the design of the pilot plant.
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VU. 5.2 Height o f transfer unit
Applying this equilibrium ratio to the pilot plant results allow the overall height of a liquid phase 
transfer unit (H0L) for ammonia stripping landfill leachate to be estimated.
For example a tower operating at a liquid rate of 250 kg/hr (L=1.41 kg/sec/m2) and a gas rate 
of 160 kg of dry air per hour (or <3=1.15 kg/sec/m2 saturated air @70°C) will develop a H0L of
1.2m when operated at 70°C and achieve 96% ammonia removal in the 7m packed depth of a 
250mm diameter column. By way of comparison a H0L value of 0.67m is quoted in the 
literature9 for standard ammonia stripping systems00; overall therefore, the presence of carbon 
dioxide in leachate has restricted the mass transfer rate of ammonia to the gas phase.
Plotting the mass ratio of liquid to gas (L/G) against calculated H0L values gives a linear 
relationship; by altering the ratio to l 09.G'08 the linearity is improved. The graph below 
illustrates this relationship.
2.50 -,
2.00 -
1.50 .
1.00
0.50
0.0 0 .
0.75 0.95 1.15 1.35 1.55 1.75 1.95 2.15
F? = 0.8373
The above graph is valid for L = 1.02-1.75 kg/(s.m2); G = 0.55-1.15 kg/(s.m2)n; temperature 
70°C; equilibrium ratio 2.1 atm/mole fraction; and plastic pall rings 16mm.
The implication of the above graph is that the overall mass transfer coefficient for ammonia is 
strongly dependant upon the gas rate. The stripping of ammonia from landfill leachate without 
pH correction is, in all probability, a gas film controlled process.
00 Confidential Volume part B gives further details on the conditions that apply to this H 0l value.
■H L and G are now used to describe the liquid and gas mass velocity through the tower (kg.m'2.s‘1). G therefore 
corresponds to the mass velocity of saturated air.
METHANOGENIC LANDFILL LEACHATE
VOL 1 -  AMMONIA REMOVAL FROM LANDFILL LEACHATE BY AIR STRIPPING
109
ENGD PORTFOLIO P J RUTTER
VII.6 FINAL OUTCOME
The principal finding to come out of the pilot plant investigation was that ammonia removal 
could be achieved within one stripper tower without the need for alkali addition. There was 
sufficient air-strippable carbon dioxide present in landfill leachate to maintain sufficiently 
alkaline conditions for ammonia removal from 5,000mg/l to below 100mg/l in landfill leachate. 
The key to exploiting this ammonia removal potential was to air-strip at sufficiently elevated 
temperatures (70°C).
The original economic assessment outlined in section VI. 1 established that the air-stripper 
based route potentially offered running cost savings of 60% relative to the biological based 
alternative. This economic appraisal assumed that reagent caustic was needed for air- 
stripping process and that landfill gas was a valued energy source [based on an equivalent 
heat content price basis to gas oil]. The landfill operator was unable to export either the 
landfill gas or energy generated from burning the landfill gas and therefore decided to assign a 
zero value to landfill gas, and the pilot plant tests had demonstrated that removing ammonia 
could be achieved without the need for reagent alkali if the air stripping process takes place at 
elevated temperatures [using landfill gas as the energy source].
Therefore the running costs for the ammonia stripper based system became effectively zero 
(excluding labour and maintenance considerations), whereas the biological based alternative 
was still penalised by the cost of providing an organic carbon source. The capital cost of 
installing an air-stripper based ammonia removal system was considerably greater than the 
biological system [by a factor of five]. However, the client considered the economics over a 
25-year time-frame and accordingly began the construction of a full-scale treatment plant in 
1997. The plant successfully started processing leachate in 1998 and remains in operation to 
the satisfaction of the landfill operator.
This concludes volume I. An air stripping technique for removing ammonia from landfill 
leachate had been proposed and then proven at the pilot plant scale. Volume 2 now 
examines the environmental differences between the air-stripper based system with a 
biological nitrification and denitrification process - the alternative proven technique for 
ammonia removal from landfill leachate.
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METHANOGENIC LANDFILL 
LEACHATE TREATMENT 
VOLUME II
E n v i r o n m e n t a l  A s s e s s m e n t  o f  
A l t e r n a t i v e  M e t h a n o g e n i c  L a n d f i l l  
L e a c h a t e  T r e a t m e n t  T e c h n o l o g i e s .
in t r o d u c t io n
The results of the pilot plant air stripper tower tests enabled the design of a full-capacity 
effluent treatment plant system to be specified with confidence. Such a treatment system 
required both a thermal ammonia oxidiser and a biological COD reduction stage in addition to 
the air stripper tower (see volume I section III - Choice of Proposed Technology).
The Hong Kong contractor responsible for the landfill site had already built and operated a 
pilot plant of similar throughput capacity to the air stripper tower. This pilot plant treated the 
leachate using only biological treatment methods - a nitrification and denitrification process. 
Further details of biological ammonia removal are given in Confidential Volume part AT Once 
again the results from this pilot plant work enabled the design of a full-capacity treatment plant 
to be specified.
The results from both pilot plant tests demonstrated that effective ammonia removal was 
possible regardless of the treatment technology used.
The landfill operator eventually selected the air stripper based system because of lower 
operating costs. The biological system, although requiring a much lower overall capital
T This stand-alone document contains a brief summary of the mechanisms behind the removal of ammonia from  
aqueous effluent streams by biological means. The discussion is with reference to the specific Hong Kong landfill 
leachate under consideration and contains a glossary of terms commonly encountered in biological treatment 
systems.
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expenditure, was rejected due to the need for a soluble organic carbon source (estimated cost 
2 million US dollars per year).
The air stripping based technology, whilst heavily reliant on thermal energy inputs, had 
effectively zero operating costs (excluding labour and maintenance), since landfill gas was 
available with no other beneficial use so that it was without economic value.5
A comparison of the environmental impacts of the alternate technologies is now proposed, to 
expand the discussion to include environmental considerations. The comparison is not limited 
to the treatment processes alone but is extended to causally related activities - a “cradle to 
grave” assessment. Life Cycle Assessment (LCA) is ideally suited to such a task. The 
following document records the LCA carried out on two alternative methanogenic landfill 
leachate technologies.
The calculations behind much of the assessment work are separated from the main text in a 
separate document (Confidential Volume part E), which covers the detailed design work for 
each system.
The air-stripper based leachate treatment system was designed in 1997. Construction and 
start-up was completed in mid-1998 and the plant has been operating successfully since then.
8 In the economic assessment carried out before the pilot plant was built, landfill gas had been valued on the basis 
of its heat energy content in relation to gas oil. However, since no external outlet for landfill gas was established the 
client assigned landfill gas zero economic value.
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EXECUTIVE SUMMARY
Two treatment systems had been identified and operated at the pilot scale for the removal of 
ammonia from methanogenic landfill leachate. Ammonia in raw leachate averages at 4,500 
mg/l and chemical oxygen demand (COD) at 6,000 mg/l. Prior to discharge to municipal 
sewer the total nitrogen content of the final effluent must be less than 200 mg/l and the COD 
level must be below 2,000 mg/l.
Landfill gas, collected from the landfill was available as a source of thermal energy and, via a 
generator, provided all predicted electrical requirements. 72,000 m3 of collected landfill gas 
was assumed available per 1000m3 of leachate [a maximum of 1.15 TJ of thermal energy or 
112 MWh of electrical energy].
One technology utilised air-stripping at elevated temperatures to remove ammonia from 
leachate followed by a final biological COD reduction phase. Gaseous ammonia was 
thermally oxidised within a fluidised bed. The alternative technology considered was a 
biological nitrification / denitrification system commonly used within industry.
Following the completion of the life cycle assessment using PEMS 3.0, the air stripper based 
technology was found to offer environmental benefits against the following impact categories: 
resource depletion, global warming, aquatic ecotoxicity, photochemical ozone creation 
and landfill volume. The biological ammonia removal design scored favourably in categories 
such as acidification and human toxicity. The categories ozone depletion and 
nutrification did not clearly favour either system.
Taking each impact category and calculating the percentage of the burden relative to total 
global burdens (a normalised impact assessment), it is clear that the sum of the global impact 
scores favouring the air-stripping system outweigh those favouring the biological based 
system. Indeed one would need to weight the combined impacts of acidification and human 
toxicity by a factor of 38 relative to the five impact categories favouring air-stripping (resource 
depletion, global warming, aquatic ecotoxicity, photochemical ozone creation and landfill 
volume) before the biological based system produced a net lower normalised impact. On this 
basis one can build a strong case for suggesting that the air stripper based technology 
produces the lower environmental impact.
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The result of this study illustrates the importance of local circumstances in influencing the 
outcome of LCA studies. In this study the local energy system was not able to accept power 
from “embedded” sources resulting in an environmental assessment that favoured the novel 
air stripping technique. Had the possibility existed of exporting the energy derived from landfill 
into the local power supply then the environmental benefits of the novel technology become 
less apparent.
The generation of NOx from the combustion of landfill gas (especially the oxidation of 
ammonia) is the most significant contribution to the poorer performance of the air-stripper 
based system in the impact categories acidification and human toxicity. However, techniques 
do exist to reduce NOx emissions.
The biological nitrification and denitrification system’s poor performance in resource depletion, 
global warming etc was almost exclusively the result of methanol production, an activity that 
takes place away from the landfill site. The environmental performance of each system could 
therefore be improved by concentrating on those particular aspects.
Volume I of this case study set out the strong economic incentive for including landfill gas 
within the considerations for an integrated leachate treatment solution. The Life Cycle 
Assessment has highlighted that the novel technology developed through this approach offers 
significant environmental benefit.
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I. INTRODUCTION TO LCA
In general terms, Life Cycle Assessment (LCA) has been defined as a process to evaluate the 
environmental burdens associated with a product, process or activity by identifying and 
quantifying energy and materials used and wastes released to the environment.1 A natural 
progression from the gathering of such information is its use in evaluating and implementing 
opportunities to effect environmental improvements. The literature regarding LCA is extensive 
and there are a number of introductory texts of which “LCA - What it is, and how to do it”2 is 
personally recommended.
LCA is a technique that organises environmental information into a form which can be used to 
inform technical, commercial and strategic decisions. LCA has its origins in studies to 
compare alternative approaches to packaging drinks and foodstuffs, and the assessment of 
energy supply systems.
LCA may be sub-divided into four stages:1,2,3
i) Goal Definition & Scoping which defines the system to be studied and the functional 
unit on which the study is to be based;
ii) Inventory Analysis which compiles data on resources used and wastes and 
emissions generated in the form of an inventory table;
iii) Impact Assessment which converts the inventory table into a number of quantified 
environmental impacts; and
iv) Improvement Assessment which uses the results of the study to improve 
environmental performance by reducing resource usage and wastes and emissions.
Considerable work has been applied to the specific problems of applying Life Cycle thinking to 
solid waste management3,4,5,6,7,9. This particular LCA generally follows the framework 
suggested by the UK Department of the Environment’s report “Developing Life Cycle 
Inventories for Waste Management” 3.
Waste management differs from the activities normally considered in LCA because the service 
which it delivers - treatment of waste - is provided without a material product.4 The approach 
suggested in the DoE report3 points to a unit mass of waste requiring disposal as the starting 
point for any comparison. Such an approach ignores potential stimulation of social pressures 
leading to reduction at source as a result of an individual waste management technique.4
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Waste management as a topic for environmental review gives rise to specific problems with 
regard to the allocation of environmental burdens within a waste stream. Applying generic 
emission data derived for mixed waste streams to individual components is clearly 
unsatisfactory. Much of the work has therefore focussed on assessing an individual waste 
component’s fractional environmental burden. With specific reference to landfill, the 
breakdown of organic based waste material has been well researched5'6'7,9.
In this particular LCA, the choice of goal definition avoids many of the problems of burden 
allocation within waste management; the actual waste material is not taken as the functional 
unit. In doing so this LCA has little to add regarding the suitability of landfill as a waste 
management technique, but will add, it is hoped, some relevant inventory data regarding 
biological treatment processes and landfill gas combustion.
In line with the approach advocated for LCA in waste management, each of the stages: goal 
definition and scoping; inventory analysis; impact assessment; and improvement assessment 
is now applied to two methanogenic landfill leachate treatment systems. The remainder of the 
document is structured into these sub-headings.
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II. G O AL D E F IN IT IO N  & SC O P IN G
Goal Definition and Scoping defines the system to be studied and the functional unit on which 
the study is to be based. In keeping with the DoE suggested structure3, each of the 
highlighted areas (purpose, scenario, functional unit, system boundary and environmental 
burden calculation) is given due consideration.
11.1 PURPOSE
The LCA is to be used to compare two alternate technologies to treat methanogenic landfill 
leachate with a high ammonia content at a Hong Kong Landfill site. The results will be used to 
discuss the relative merits of the two potential systems within the context of this EngD 
portfolio.
Landfill leachate is not considered in isolation, but in the context of an actual landfill site where 
landfill gas is available. The systems are designed to treat landfill emissions arising over a 25 
year period - waste will continue to arrive at the site for at least 15 of these years.
The study is based on the results of pilot studies undertaken by the landfill operator to 
determine the most economic treatment route. One system was preferred to the other on 
economic grounds* and this particular LCA will attempt to expand the discussion regarding 
selection by including the environmental impact of each system.
11.2 SCENARIOS
Two scenarios are to be compared. These will be labelled as System PB and System B :3 
Please refer to the attached flowsheet drawings for both systems 9606/460/PJR1 & PJR2. 
Note, for more detailed descriptions of the processing activities refer to Confidential Volume 
part E.
System PB The processing of stored landfill leachate through an air stripper tower at 
elevated temperatures to remove the dissolved ammonia and carbon dioxide. 
The off gas from such a process will be thermally oxidised within a dedicated 
fluidised bed fuelled by landfill gas.
9 The decision was strongly influenced by the client’s decision to assign landfill gas a zero economic value. 
Therefore despite higher capital expenditure associated with an air stripper based system, the overall economics 
over the life-span of the project favoured this system.
'' ‘P ’ used in “system PB” refers to the Physical removal of ammonia by air stripping. The ‘B ’ used in both labels 
refers to Biological effluent treatment. For the remainder of the document these system abbreviations will be used.
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A second fluidised bed positioned directly above the first will recover heat 
from the combustion gases, thus providing the necessary heat requirements 
for the stripper tower.
Leachate leaving the scrubber tower will enter a biological treatment section to 
reduce the COD content of the liquid prior to discharge to sewer.
System B Processing of stored landfill leachate through a biological nitrification and de­
nitrification treatment process.
For the purposes of simplicity the biological treatment plant utilised in system 
PB will form the basis of the design [i.e. an SBR based design incorporating 
sludge removal and thickening technologies]. However, there will be different 
process operations to account for both the additional pumping duty associated 
with re-circulating liquors between the anoxic and aerated tank stages and the 
need to keep the anoxic tank mixed.
A soluble carbon source is required for sufficient denitrification to take place. 
This soluble carbon source is provided by methanol, since the leachate’s 
organic content is insufficient to meet the overall requirement.
Common to both systems - all on-site electrical requirements is provided by a generator run 
on landfill gas; biomass produced as a result of the biological treatment stages is removed, 
thickened, de-watered and returned to the landfill; and all treated effluents are pumped to 
sewer within the trade effluent consent limits. Any excess landfill gas is burnt within a 
dedicated flare. The possibility of exporting excess landfill gas as a fuel does not exist.
11.3 CRITICAL REVIEW
A critical review stage is not considered applicable given the purpose highlighted above, since 
the results will not be used for either marketing purposes or any strategic decisions regarding 
waste management techniques.
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11.4 FUNCTIONAL UNIT
The purpose of the study is the evaluation of leachate treatment technologies within a 25-year 
operating period in the context of an existing landfill site. The functional unit is therefore taken 
as the treatment of a unit quantity of collected emission (both leachate and bio gas) from the
landfill site. Therefore, the use of a unit mass of waste deposited within the landfill is not
considered a helpful functional unit.
The reason for this deviation from the functional unit advocated by the DoE study3 is made 
with reference to the following:
a) Both systems under study pre-suppose the existence of the landfill site. The landfill site 
operations (leachate treatment and landfill gas combustion excepted) and waste collection 
arrangements are therefore not considered to form part of the system under consideration. 
The DoE study was concerned with comparing waste management systems whereas the
decision to utilise landfill had already been taken in this instance.
b) The emissions from landfill sites occur over a wide range of time periods. The inclusion of 
a specific time horizon within LCA’s for landfills is a topic of much debate. A  wide range of 
time horizons from 15 years through to infinity have been suggested in the allocation of 
environmental burdens.7
c) The installed equipment: pumps, tanks, aerators, flares, engines etc, will only have a finite 
useful life. Therefore, the choice of technology is only relevant over a relatively small 
timeframe (in relation to the emission release timeframe). For the purposes of this study 
the period is assumed to be 25 years.
The functional unit, a unit of captured landfill emission (leachate and bio gas) is considered to 
comprise the following:
(i) 1,000  tonne (or 1000 m3) of landfill leachate, together with
(ii) 72,000 Nm3 of collected landfill gas (bio gas).
For the purposes of designing these treatment plants, both systems are designed to process 
1000 tonne (or 1000 m3) of landfill leachate in one twenty four hour period and meet fixed 
discharge criteria. Landfill gas is therefore available at a constant rate of 3,000 m3/hr.
It is important to state that these figures are made with reference to the specific characteristics 
of landfills operating in tropical climates and more specifically Hong Kong.
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However, the ratio of collected leachate to landfill gas will not remain constant; there will be 
significant seasonal fluctuations between Wet and Dry Seasons affecting both the temperature 
and moisture within the landfill. In addition to seasonal fluctuations it is recognised that as the 
site becomes full and an aftercare regime is installed (all within the scope of the 25 year 
operating period) there will be further fluctuations within landfill leachate composition and 
landfill gas volumes. The mechanisms behind landfill gas generation can be found in a number 
of references, for example the UK Department of the Environment's Waste Management 
Paper, Landfill Completion8.
To illustrate this variation, an external consultant estimated the predicted landfill gas volumes 
for the site in Hong Kong at 8,700 m3/hr in 1998 falling to 3,000 m3/hr in 2010. Volumes for the 
year 2020 are estimated at 1200 m3/hr.17 A value of 3,000 m3/hr (or 72,000m3 of collected 
landfill gas per 1000m3 of collected leachate) is therefore taken as a suitable mean volume for 
collected bio gas over the 25 year operating period.
Text box 1 below gives alternate perspectives on landfill gas volumes estimates. It is clear 
that an estimate of 72,000 Nm3 collected landfill gas per 1000m3 of collected leachate is in all 
probability a low estimate, possibly by as much as a factor of ten. However, the actual value 
is not important in a comparative study such as this, once sufficient gas is available to avoid 
importing external energy sources for either system under consideration.
Box 1 -  Alternative Perspectives on Landfill Gas Generated from Municipal Waste
Life cycle studies on landfill sites presented by Peter White9 and papers presented at the 
SETAC-Europe working group (Sept 1995)7 provide data in relation to landfill gas generation 
that is of some interest here.
In Peter White’s book a figure of 250 Nm3 landfill gas per tonne of biodegradable material (e.g. 
paper, putrescibles etc) is noted, with an overall leachate generation rate of 150 litres per 
tonne of material landfilled. This data forms part of the PEMS 4.0 environmental database^.
By making the further assumption that 40% by weight of landfilled material corresponds to 
such bio-degradable matter, then by simple calculation, 1000 m3 of landfill leachate would 
correspond to 6,700 tonnes of waste originally (or 2,700 tonne of “bio-degradable” matter) and 
therefore 670,000 Nm3 of landfill gas [alternatively 100 Nm3 of landfill gas per tonne of mixed 
waste input].
P The P EM S  database is used to provide generic emission data within this LCA for methanol production and 
transport.
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A paper presented by Jan-Olav Sundqvist(pp138 ref 7) allows another perspective on landfill gas 
generation within a surveyable time period (i.e. until the latter part of methane producing 
anaerobic stage - some 50 to 100 years after placing the waste in the landfill). He estimates 
that 130g of methane is produced per kg of paper products landfilled, based on 25% of the 
carbon in the cellulose being available for conversion to methane.
Making the same assumption that the bio-degradeable fraction is 40wt% of the total originally 
landfilled, and that this material degrades in the same way as paper, then the mass of 
methane produced would equal 52 kg per tonne municipal waste. Taking the heat value of 
methane as 55.7 MJ/kg and assuming an average heat value of landfill gas at 16 MJ/m3 2S, 
then the volume of landfill gas produced is 181 Nm3 per tonne of municipal waste - a fair 
agreement with Peter White’s value.
By way of further complicating the issue, the recovery of landfill gas from landfills is not 100%. 
Preliminary “guestimates” by Sundqvist7 predict that only 50% of the methane produced from 
waste degradation will be collectable during the surveyable time period. Additionally, released 
methane is oxidised to carbon dioxide in the soil cover (estimated at between 10 and 15% o f ’ 
the total released)7.
As already stated the functional unit requires the treatment of a set quantity of landfill leachate 
and landfill gas. The leachate analysis and the treatment quality objectives are defined below 
in box 2.
Box 2 - Leachate Treatment Objectives
Raw Leachate
Ammonia 4,500 mg/l
Alkalinity 18,000 mg/l CaC03 equivalent
COD 6,000 mg/l
Treated Leachate
Total Kjeldahl Nitrogen 200 mg/l
COD 2,000 mg/l
For fuller details regarding leachate analysis prior to effluent treatment please refer to 
Confidential Volume part E.
Strictly speaking, emission limit criteria for landfill gas combustion should be included within 
the treatment objectives. However, gaseous emissions from landfill installations are not a 
straightforward issue.
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At the time of the pilot studies, there was no specific emission level constraint imposed on 
equipment utilised at landfill site in Hong Kong, only the avoidance of an odour nuisance 
measured at the site boundary.
11.5 SYSTEM BOUNDARIES
In line with the DoE report3, a distinction is drawn between those activities specifically 
associated with the system under consideration (Foreground System) and systems which 
exist independently of it (Background System).
The Foreground System comprises those on-site activities to suitably treat collected landfill 
emissions to air [as bio gas] and water [as leachate]. The Background System includes 
activities which supply materials and energy used in the Foreground System, and activities 
which use energy and materials recovered from the waste (for example the treated leachate 
sent to sewer). The system boundaries are presented below in figures 1 and 2 using 
simplified flow diagrams:
II. 5.1 System PB Boundaries
• The landfill site is placed outside the Background System because the emissions related to 
the landfill’s on-site operations and the release of uncollected landfill gas will be identical to 
both systems under consideration. These emissions are likely to be significant and would 
not be excluded in the instance where a landfill operation was compared with an incinerator 
in an LCA study.
• Landfill gas (Bio-gas) can be utilised in one of three combustion techniques: as a source of 
thermal energy to provide the necessary heat energy for the air stripping process whilst 
simultaneously oxidising the air-stripped ammonia off-gas; utilised in an electricity 
generator to provide the necessary electrical power arrangements for the entire 
Foreground System; or flared in a dedicated system.
• Treated leachate that meets the discharge criteria is sent to the local sewage works.
• The system is essentially self-sufficient and does not require material or energy from an 
external source.
• The burdens associated with capital goods used in the leachate and landfill gas processing 
activities are ignored. The possibility of excess landfill gas being used to supply electricity
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into the Background System is not included, although its implications are discussed in this 
report. These presumptions are clearly identified in figure 1 as crossed out labels.
Figure 1 - System PB Boundaries
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11.5.2 System B Boundaries
• The landfill site is dealt with in an identical manner to that outlined above for system PB
• Landfill gas (Bio-gas) can be utilised in one of 2 combustion techniques: as a source of fuel 
gas utilised in an electricity generator to provide the necessary electrical power 
arrangements for the entire Foreground System; or flared in a dedicated system. Hence 
there is no provision for an avoided burden in the Background System associated with 
electricity export.
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• Treated leachate that meets the discharge criteria is sent to the local sewage works.
• The system is not self-sufficient and requires material from an external source - methanol 
provides the organic carbon source required in the denitrification process.
• The burdens associated with capital goods used in the leachate and landfill gas processing 
activities are ignored.
Figure 2 - System B Boundaries
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11.6 ENVIRONMENTAL BURDENS
The following text details the quantification of environmental burdens arising from both the 
Foreground and Background activities highlighted in the system boundaries above.
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At this stage it is perhaps helpful to consider the classification of emissions from the two 
systems under consideration before embarking on their quantification. Specifically, I refer to 
carbon dioxide emissions from landfill leachate processing and landfill gas combustion - are 
they renewable or non-renewable?
Generally speaking, carbon dioxide is present in leachate or landfill gas as a result of the 
microbiological breakdown processes taking place within the landfill - specifically 
methanogenic bacterial activity. These bacteria consume simple organic compounds 
producing the mixture of carbon dioxide and methane that is released as landfill gas. The 
simple organic compounds are themselves produced by anaerobic organisms (acetogenic 
bacteria), which hydrolyse and ferment cellulose and other putrescible materials, producing 
simpler and soluble compounds such as volatile fatty acids.6-8
Given the aim of this environmental assessment, namely the evaluation of leachate treatment 
technologies within a 25 year operating period, it is considered appropriate to relate the vast 
majority of the carbon dioxide produced by the methanogenic bacteria, to the breakdown of 
putrescible materials and paper. Note, in Hong Kong, municipal waste is characterised as 
having a significant food waste content18. The decision as to whether or not these sources 
can be considered renewable is debatable. LCA studies on agriculture point to significant non­
renewable resource depletion associated with crop production (the use of fertilizers for 
instance).7 In addition there are various processing and transport activities required before 
any material ends up as waste within the landfill.
In this LCA, the system boundary is not extended to include the activities which generate the 
waste - both systems under investigation start with the same leachate and landfill gas 
volumes. Actual differentiation between renewable or non-renewable carbon dioxide within 
the leachate and landfill gas is irrelevant, since when comparing systems these emissions will 
cancel one another* regardless of the allocation principle.
Arbitrarily, 75% of the C 0 2 originally present in leachate and landfill gas is deemed non­
renewable. A corollary of this approach is that the carbon dioxide produced from the 
combustion of the methane within landfill gas must also be considered to have the same 
renewable to non-renewable mass proportion.
X Both systems emit effectively the same quantity of the total carbon dioxide originally present in leachate or landfill 
gas to atmosphere - either as a result of air stripping (system PB), tank aeration (system B) or landfill gas  
combustion (systems PB & B).
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II. 6.1 Foreground System
The following section details the emissions relating to activities in the Foreground System, 
specifically, the combustion of landfill gas and the treatment of landfill leachate. The quantified 
emissions are related to the functional unit unless otherwise stated.
(a) Electricity For Process Equipment
Both systems utilise electrical equipment within their process designs, for instance pumps, 
aerators, mixers and fans. From the design calculations (see Confidential Volume part E) 
system PB requires a total of 16,800 kWh and system B uses 9,200 kWhr of electrical energy 
to process the functional unit.
Graph 1 illustrates this comparative energy consumption for each system under consideration. 
For illustrative purposes the electrical energy required for the biological COD reduction 
process stage within the air-stripper based system (PB) is highlighted.
Overall it is clear that the stripper based system uses almost twice as much electrical energy 
as the solely biological based system. The driving force behind this difference is the electrical 
power requirement for thermal ammonia oxidation within a fluidised bed, notably the 
fluidisation fans.
The majority of the difference in electrical consumption between biological based treatment 
stages is accounted for by the difference in oxygen transfer requirements - the nitrification 
stage in system B requires over 3 times the oxygen quantity compared with the COD 
reduction phase in system PB.
This electrical energy is supplied by the available landfill gas and thus forms part of the 
Foreground System. Note that there is sufficient landfill gas available to avoid the need for 
any electrical energy from an external source. The environmental burdens associated with 
electricity generation are therefore considered under landfill gas combustion below.
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Graph 1 - Electrical Energy Consumption 
Electrical Energy (1000 m3)
18,000 T
16,000 ..
14 ,000 ..
_  12,000 -
1  10,000 . .
§> 8,000 -- 
0)
m 6,000
4.000
2.000  . .
0
System  B System  PB
□  Biological g  Thermal
(b) Landfill Gas - Utilisation
72,000 Nm3 of landfill gas is available per 1,000 m3 of landfill leachate collected (the functional 
unit). This landfill gas will be utilised in one of three combustion options: an electricity 
generator, a thermal oxidiser or a flare.
The electrical energy requirements have been stated above. If this electrical energy is 
supplied by landfill gas (CV 16 MJ/m3 19 and electrical conversion efficiency 35%p), then the 
following landfill gas volumes are required:
System PB : 16,783 kWh (60,419 MJ Electrical Energy or 172,626 MJ Thermal Energy)
= 10,789 m3 Landfill Gas 
System B : 9,169 kWh or 5,894 m3 Landfill Gas
System PB also requires a further 50,784 m3 [or 2,116 m3/hr] of landfill gas to provide the 
necessary heat for ammonia oxidation and leachate heating. In both systems excess capacity 
is simply burnt within a landfill gas flare.
P Electrical conversion efficiency for Jenbacher landfill gas engine (Hostetter) is quoted at 37% 20. Distribution losses 
are considered negligible given short transmission distances. However, accounting for the auxiliary power required 
(5% ), then the actual conversion efficiency overall is nearer 35% .
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Therefore, system PB will flare 72,000 - 10,789 - 50,784 = 10,427 m3 of excess landfill gas, 
whereas, system B will flare 72,000 - 5,894 = 66,106 m3, a six-fold increase in the quantity of 
non-utilised landfill gas.
Ideally, any excess landfill gas should be converted to electricity and fed back into the 
electricity generation system, thus avoiding the burdens associated with base electricity load 
generation. However, in Hong Kong such arrangements with electricity companies are not 
possible - initiatives such as the Non-Fossil Fuel Obligation (NFFO) simply do not exist.
The possibility of selling excess landfill gas as a “fuel” was considered by the landfill operator, 
but rejected on the grounds of the high infrastructure costs for gas transportation to the end 
user (for instance a cement kiln). Further complications arise with the practicalities of routing 
gas pipelines through properties not owned by either party (the landfill operator or the potential 
landfill gas fuel user).
For the purposes of the environmental assessment, the burning of excess landfill gas without 
energy recovery will be considered as the standard case; however, the option of utilising 
excess landfill gas to off-set the need to generate electricity centrally will be discussed in the 
sensitivity analysis.
(c) Landfill Gas Combustion - Emissions
Each combustion method is evaluated in relation to a fixed starting landfill gas composition. 
No specific data is available for the landfill site in question; however the following typical 
landfill gas analysis is assumed, based on well sealed landfill surface with an average gas 
extraction rate:19
Methane (vol %) 45%
Carbon Dioxide (vol %) 34%
Nitrogen (vol %) 18%
Oxygen (vol %) 1 %
In landfill gas flares the combustion process is focussed towards minimising the emissions to 
atmosphere, whereas electricity generation focuses on the efficient thermal use of landfill gas 
whilst maintaining reasonable levels of emissions to atmosphere. NOx levels in particular are 
strongly affected by this change of function.
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The use of landfill gas to thermally oxidise an ammonia laden air flow whilst recovering heat 
energy for the stripper process will, by simple observation, increase the likelihood of NOx 
levels produced, since NOx formation is a function of both the combustion conditions and the 
nitrogen content16.
The emissions from each of three combustion technologies are evaluated with reference to 
the average composition of landfill gas and the stated performance criteria given by the 
manufacturers.19,20,21 Given the limited scope of emission reporting supplied by equipment 
manufacturers - particularly the ammonia oxidiser - a number of assumptions have been made 
in order that the following table of emission data (table 1) could be compiled. The full 
calculation procedures and assumptions are covered in detail in Confidential Volume part E.
Table 1 - Emissions from the combustion o f 1N m3 of Landfill Gas
oo
1.552 kg 1.552 kg 1.768 kg
NOx 250 mg 855 mg 2,400 mg
CO 75 mg 1600 mg 75 mg
Unburnt Carbon (as C) 5 mg 5 mg 5 mg
Dust 25 mg 25 mg 25 mg
S 0 2 300 mg 300 mg 300 mg
Chlorine Compounds 
(as HCI)
50 mg 50 mg 50 mg
Fluorine Compounds 
(as HF)
10 mg 10 mg 10 mg
Hg 0.1 mg 0.1 mg 0.1 mg
Cd 0.1 mg 0.1 mg 0.1 mg
Total Toxic Metals 1 mg 1 mg 1 mg
Dioxins 0.01 ng 0.01 ng 0.01 ng
Residual 0 2 (dry) 10 vol% 7.8 vol% 9.4 vol%
Combustion Air 7.54 m3 6.54 m3 10.9kg Air + 0.22kg C 0 2 
+ 0.08kg NH3+ 3kg H20
All values quoted per m3 of landfill gas - 45 vol.% methane, 34 vol.% carbon dioxide
HAZARDOUS WASTE TREATMENT FACILITY 132
ENGD PORTFOLIO P J RUTTER
(d) Emissions from Process Tanks
Ammonia, even at the mildly alkaline conditions of raw landfill leachate, will exert a vapour 
pressure in air in contact with leachate within process tanks. Confidential Volume part E 
details the estimated emissions together with all assumptions. In general the following were 
considered when estimating individual emissions from buffer storage tanks, aeration tanks and 
anoxic tanks.
1. Carbon dioxide emissions to atmosphere are considered 75% non-renewable if they 
originate from the raw landfill leachate (see earlier discussion in section II.6).
2. There will be zero emissions of ammonia from the buffer storage tank for raw leachate 
in system PB. This is a result of the design (the headspace gas volume is utilised as 
stripping air).
3. Carbon dioxide emissions to atmosphere relating to the breakdown of methanol are 
considered 100% non-renewable.
4. The ammonia and carbon dioxide content of gases leaving process tanks are assumed 
to be in equilibrium with the tank’s contents.
5. Nitrous oxide emissions are not quantifiable from the anoxic stage within system B; 
therefore a range of values will be considered, representing 0% and 1% of the total 
starting molar ammonia content of the leachate.
Table 2 -  Summary o f Tank Emissions
SYSTEM PB
1. Buffer Storage 0 kg 0 kg 0 kg 0 kg
2. Aeration tank 0.46 kg 39 kg 119 kg 0 kg
Total 0.46 kg 39 kg 119 kg 0 kg
SYSTEMB
1. Buffer Storage 0.49 kg 47.5 kg 142.5 kg 0 kg
2. Nitrification 5.04 kg 2694 kg 8083 kg 0 kg
3. Denitrification 0 kg 0 kg 7510 kg 0 /1 1 7  kg
Total 5.53 kg 2,742 kg 15,735 kg 0 /1 1 7  kg
It is clear that ammonia emissions from the process tanks associated with system B are an 
order of magnitude more significant that those identified for system PB.
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Gaseous emissions from sludge storage and filtration activities are considered insignificant, 
and to an extent self-cancelling given the similar sludge processing activities in both systems 
under consideration.
(e) Bio-solids Produced
From the design calculations the following production of filter cake masses are evaluated for 
each system under consideration:
System PB 4.0 tonnes
System B 12.5 tonnes
The calculation for system B is made with reference to actual pilot plant data. System PB 
relies on standard sludge generation factors used in simple bio-plant design calculations (see 
the mass balance calculations within Confidential Volume part E for complete calculation 
procedures and assumptions).
These materials would be produced at the landfill site and therefore transport to their eventual 
disposal point can be ignored. For simplicity, the environmental burdens associated with the 
disposal of these produced bio-solids will be based on the emission data presented by Peter 
White9 for organic material sent to landfill plus an allowance for the diesel burnt in carrying out 
the various landfill activities.
One area of potential interest, given the disparity between sludge generation of the two 
systems, is the uptake of pollutants into the biomass sludge generated within the biological 
treatment options. However, there is insufficient oil and metals present in leachate for its 
uptake in to sludge to be an issue. In the case of heavy metals, the UK data Keith Knox22 had 
available showed very little uptake from the mature methanogenic leachate, i.e. those 
materials tend to pass unaffected through the plant. In the case of acetogenic leachate, 
concentrations of iron and zinc can be higher and some removal (by accumulation) takes 
place.
This completes the environmental burden identification for the Foreground Systems under 
consideration.
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II. 6.2 Background System
The Background System includes activities which supply materials and energy used in the 
Foreground System, and activities which use energy and materials recovered from the 
Foreground System. Accordingly, the Background System could comprise:
a) The supply and production of methanol - required for de-nitrification.
b) The receipt of treated leachate as a flow into a municipal sewage works.
c) The supply of necessary capital equipment required: pumps, tanks, landfill gas engines 
etc.
d) The supply of other material inputs: anti-foams (air stripping), flocculants (bio-solids 
separation), servicing materials (e.g. oil, spark plugs and cylinder heads all need 
replacement at regular service intervals for landfill gas engines).
e) The possibility of fouling of mass and heat transfer surfaces should be considered, 
particularly within system PB.
f) Ideally, the background system should also receive excess electricity capacity from 
landfill gas engines, thus displacing the need for electricity generation from principally 
coal fired electricity generation systems in Hong Kong.
The quantified emissions are related to the functional unit unless otherwise stated.
(a) Methanol Production and Transport
In system B, 8894 kg of methanol is required within the de-nitrification phase of biological 
ammonia removal. Methanol is principally derived from natural gasT Given Hong Kong’s 
geographical location it is probable that this methanol would be produced in Japan some
2,000 km away. The material would be transported exclusively by sea; the landfill site in 
question has its own docking facilities.
The environmental burdens associated with the production of methanol and subsequent 
transport to the landfill site are taken direct from the PEMS 3.0 database10.
^  80%  of the W orld’s Methanol production is derived from Natural Gas23 
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(b) Treated Effluent to Sewer
Although both systems under study are required to meet the same discharge criteria to sewer 
there remains a difference in the total volumes discharged to sewer from the two processes.
As a result of the air stripping process utilised in system PB there will be leachate lost to 
atmosphere (almost 15% of the total) as part of the stripping air. Further effluent loss is 
accounted for as part of the produced filter cake returned to the landfill.
From the mass balance presented in Confidential Volume, the following effluent discharge
volumes to sewer are estimated per functional unit mass of leachate entering the Foreground
System:
System PB 841 m3
System B 989 m3
It is proposed that the difference between the two systems (some 148 m3) should be 
accounted for with reference to the following two options:
(i) Ignore the difference, thereby excluding the treatment of discharged effluent from the mass 
balance. This approach would favour system B, whose effluent represents the most 
numerically significant environmental burden. This is taken as the base case.
(ii) Considering the net difference in total COD, nitrates and ammonia discharged and 
evaluate the environmental burden associated with such a discharge direct to the 
environment - i.e. ignoring the processing activities at the municipal sewage works. Note 
that all other discharges, i.e. metals and salts, can be ignored since their net total mass 
discharge will be identical regardless of the system under consideration. This approach 
favours system PB.
Assuming that the discharge criterion is 2,000mg/l for COD and 200 mg/l for TKN (62.5% 
N 03-N, 25% NH3-N, 12.5% N 02-N - see Confidential Volume part E) and applying these 
values to the net difference in effluent discharged (148m3), the following net differences 
system B minus System PB are evaluated:
COD 296 kg 
NH3 9.0 kg 
N 03 81.9 kg
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N 0 2 12.2 kg
The true picture lies between these two extremes and will be a function of a number of 
unknown factors relating to other effluents arriving at the sewage works and the operation of 
the municipal sewage works itself. Ideally one would account for these variables by carrying 
out an LCA on the operations of the local sewage works and allocate burdens to the further 
treatment processes required for the leachate leaving either system.
The sensitivity analysis will consider whether or not the burdens associated with the final 
effluent discharged to sewer need to be evaluated beyond these two extreme considerations.
(c) Capital Equipment
With the exception of the air stripper tower and thermal oxidiser, the systems require similar 
equipment, for example tanks, pumps, landfill gas flare, landfill gas engine and tank aerators.
The burdens associated with capital goods used in the leachate and landfill gas processing 
activities are ignored; this approach is common within LCA’s, although is against the 
recommended practice for waste management LCIs3.
By ignoring the burdens associated with producing the ammonia oxidiser and stripper tower in 
system PB we are influencing the outcome of the LCA to favour system PB. This assumption 
is especially significant in respect of the heat exchange equipment associated with the air 
stripping arrangements that is likely to require specialist materials of construction. In this 
instance the operating life is 25 years which significantly reduces the significance of capital 
equipment relative to the on-going burdens of operation.
(d) Other Material Inputs
The use of anti-foams and flocculants are assumed to be an insignificant environmental 
burden - given the relatively small quantities required. This somewhat arbitrary decision is 
made with due reference to the two systems under consideration which both utilise surface 
active chemicals within their design.
System PB requires an anti-foaming agent within the air stripper tower as well as a flocculant 
in the biological COD reduction phase to assist sludge settling. System B requires a flocculant 
to assist in sludge settling but system B produces 3 times the total mass of sludge compared
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to system PB. The environmental burdens associated with the addition of surface active 
agents are therefore assumed to be self-cancelling in comparing the two systems.
In the case of maintaining pumps, landfill gas engines etc, these environmental burdens are 
similarly ignored when comparing the differences between the two systems. Given that 
system PB contains more equipment items such an approach to maintenance of capital 
equipment arguably favours system PB.
(e) Fouling Heat & Mass Transfer Surfaces
Landfill leachate will contain materials, particularly metal carbonates, that will precipitate from 
solution at elevated temperatures. This is likely to be encountered on mass transfer surfaces 
within the stripper tower and the heat transfer surfaces associated with raising the leachate 
temperature to the required value. Therefore system PB will require a means to clean these 
surfaces.
Heat transfer surfaces were inspected in the pilot plant (after 4 months use) and scale 
formation was evident, although insufficient at that stage to represent a major resistance to 
heat transfer. This material was easily dissolved using an acid solution (HCI). The analysis of 
the resultant wasted acid showed the major metal ions present to be magnesium, calcium, 
some iron plus traces of zinc, lead, chrome, copper and nickel. No accurate data is available 
to relate these losses to the volume processed.
For the purposes of the basic LCA, the use of a cleaning acid will be ignored, although a worst 
case acid addition will be evaluated to test the validity of this presumption.
For the purposes of the worst-case scenario, assume that half the magnesium and calcium 
present in raw leachate are precipitated onto mass and heat transfer surfaces. These 
precipitated metals (probably carbonates) react with hydrochloric acid solution to form soluble 
chlorides. The mass of HCI required is thus calculated as follows:
Total volume of leachate 
Total Magnesium in raw leachate 
Total Calcium in raw leachate 
Total HCI required
= 1000 m3
= 100 mg/l (or 100 kg or 4.1 kgmoles)
= 100 mg/l (or 100 kg or 2.5 kgmoles)
= 50% * (4.1 + 2.5) 12. = 6.6 kgmoles (or 240 kg)
Note, hydrochloric acid is commercially available as a 32wt% solution, therefore the total worst 
case HCI required per 1,000 m3 of leachate processed in system PB is 750 kg. For the
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purpose of this LCA the hydrochloric acid, in common with methanol, is assumed to be 
produced in Japan.
The data utilised to assess the environmental burden associated with hydrochloric acid is 
taken directly from PEMS v4.0 database.10
(f) Avoided Burdens - Hong Kong Electricity Generation
Although the possibility of utilising excess landfill gas to generate electricity for use within the 
main distribution network does not exist, the possibility of doing so is considered separately 
within this environmental assessment.
With reference to China Light & Power Company’s annual report for 199411, the electrical 
energy supplied in Hong Kong is provided by the following sources:
Coal 63%
Oil 23%
Gas 14%
Future expansion will ensure that Hong Kong becomes more reliant on gas piped from China. 
However, coal is currently shipped in from 6 different countries to ensure competitive tender.
Based on the above percentage split, the likely burdens associated with electricity generation 
are evaluated with reference to the general emission data contained within the PEMS 3.0 
database10.
11.7 DATA QUALITY
Although the landfill site under consideration is in Hong Kong, the environmental burden data 
quantified in section 11.6 utilises generalised data sources. This is an acknowledged, but 
necessary weakness of this particular LCA given that site specific data is simply unavailable.
All assumptions are clearly stated within the calculation procedures - either above or in 
Confidential Volume part E.
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III. INVENTORY & IMPACT ANALYSIS
Having identified and quantified the likely environmental burdens associated with individual 
processing steps for each landfill leachate treatment option, the next stage of the LCA is to 
collect the information together in the form of an inventory table. The inventory is effectively an 
environmental balance sheet containing burdens identified for each of the separate activities 
that are included within the system boundary.
For ease of use, the environmental burdens are aggregated into unit operations and for the 
initial comparison, only the following are included in the LCA5 :
Table 3 - Unit Operations for Inventory Table
Combustion of Landfill Gas:
(i) Gas Engine
(ii) Ammonia Gas Thermal 
oxidation.
(iii) Flare
(i) All process electricity requirements met by 
landfill gas combustion.
(ii) Off gas from Stripper Tower (System PB only) 
routed to ammonia oxidiser run on landfill gas. 
Hence air emissions from stripper tower 
included as part of the combustion 
considerations for landfill gas.
(iii) Excess Landfill gas flared to atmosphere
Landfill of Bio-Solids Returned to the same landfill.
Production of Methanol Produced from Natural gas.
Transport by Ship Methanol production in Japan some 2000 km 
away
Bio-Plant Emissions
(i) System PB
(ii) or System B
(i) Emissions (NH3&CO2) from COD reduction 
phase considered.
(ii) Emissions (NH3&CO2) from Nitrification and 
buffer storage tanks only. Potential N20  
emissions from denitrification ignored.
The environmental burdens estimated for each of the above unit operations are presented in 
tabular form in appendix A at the end of this document.
8 Previously highlighted considerations - the possibility of exporting excess electricity capacity; the use of 
hydrochloric acid to remove fouling on heat and mass transfer surfaces; and the discharge to municipal sewage of 
different volumes of final effluent - will all be considered as part of the sensitivity analysis section IV  below.
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E a c h  o f  t h e s e  b u r d e n s  is  t h e n  q u a n t i f ie d  in  r e la t io n  to  t h e  f u n c t io n a l  u n i t  a n d  s u m m e d  to  g iv e  
o v e r a l l  e n v i r o n m e n t a l  b u r d e n s  a g a in s t  in d iv id u a l  e m is s io n  c r i t e r ia  ( e .g .  c a r b o n  d io x id e  
e m is s io n s )  a n d  e n v i r o n m e n t a l  im p a c t  c r i t e r ia  ( e .g .  g lo b a l  w a r m in g ) .
III. 1 SYSTEM COMPARISON - MASS TERMS
T h e  f o l lo w in g  g r a p h  d e m o n s t r a t e s  t h e  s u m m e d  e n v i r o n m e n t a l  b u r d e n s  ( in  k i lo g r a m s )  f o r  b o th  
s y s t e m s  u n d e r  c o n s id e r a t io n .  T h e  e n v i r o n m e n t a l  b u r d e n  c a t e g o r ie s  s e le c t e d  a r e  b y  n o  
m e a n s  e x h a u s t iv e ,  r e la t i v e  to  t h e  t o ta l  p r o v id e d  b y  t h e  P E M S  3 .0  d a t a b a s e .  H o w e v e r ,  t h e  
c a t e g o r ie s  c h o s e n  r e p r e s e n t  t h e  s ig n i f i c a n t  e m is s io n s .  N o te ,  in  o r d e r  t o  p r e s e n t  t h e  s e le c t e d  
e n v i r o n m e n t a l  b u r d e n s  o n  t h e  s a m e  g r a p h  a  lo g  s c a le  h a s  b e e n  u s e d .
Graph 2 - Environm enta l Burdens by  Mass
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C a r e  s h o u ld  b e  e x e r c is e d  i f  t h is  d a t a  is  to  b e  a p p l ie d  e ls e w h e r e .  T h e  p u r p o s e  o f  t h is  s t u d y  is  
t h e  c o m p a r i s o n  o f  t w o  s p e c i f ic  le a c h a te  t r e a t m e n t  t e c h n o lo g ie s  lo c a t e d  in  H o n g  K o n g .  T h e  
s t u d y  h a s  l i t t le  r e le v a n c e  t o  t h e  s u i t a b i l i t y  o f  la n d f i l l s  p e r  s e .  T h e  c h o ic e  o f  f u n c t io n a l  u n i t  h a s  
a l lo w e d  a  n u m b e r  o f  s im p l i f i c a t io n s  t o  t h e  in v e n t o r y  d a t a  c o l le c t io n ,  r e s t r i c t in g  i t s  a p p l i c a b i l i t y  
t o  f u t u r e  L C A  s t u d ie s .
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Prior to presenting an analysis on the difference between the two systems, we shall consider 
the significance of each of the highlighted unit operations (landfill gas combustion, methanol 
production etc.) relative to the total environmental burdens identified -  see graphs 3 and 4 .
Graph 4 - System PB Environmental Burdens
% Breakdown of Environmental Burdens - System PB
100%
■  Landfill Gas Ltilisation □  Bio Plant Emissions □  Solid Waste Disposal
Graph 3 -  System B Environmental Boundaries
Breakdown of Environmental Burdens - System B
■  Landfill Gas Utilisation □  Bioplant Emissions □  Methanol Production g  Methanol Transport □  Solid Vtoste Disposal
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Taking each of the categories in turn:
Extracted Energy : System B requires the use of methanol for the de-nitrification. The 
difference between the two systems therefore lies in methanol production 
and subsequent transport (within the Background System). Extracted 
landfill gas volume is common to both systems; therefore any allocation 
for extracted “energy” relating to landfill gas is not necessary and is 
ignored.
Air Used : Air is required to provide the necessary stripping air, landfill gas
combustion and biological aeration requirements (nitrification and COD 
reduction). Overall system B utilises the largest quantity of air; a function 
of the aeration requirements of the nitrification processes.
CO : Carbon monoxide is most significantly a function of landfill gas
combustion to produce electrical energy. However CO emissions are 
also associated with the landfill of produced bio-solids, methanol 
production and transport. System PB requires the greatest electrical load 
(a function of the fluidised bed’s fans). However, overall the CO 
emissions are similar.
C 0 2 (non-renew): Carbon dioxide originally present in the leachate effectively leaves as a
gaseous emission. In system PB the leachate’s C 02 is removed in the
stripper tower to form part of the mass flow out of the thermal oxidiser
and in system B the C 02 is lost to atmosphere via the aeration tanks. 
The bulk of the C 02 is produced via the combustion of landfill gas - 
identical in both systems. Overall, the difference between the two
systems is a function of the difference in produced landfill volumes,
methanol production activities in the Background System, and most 
significantly the subsequent breakdown of methanol in the Foreground 
System (de-nitrification tank).
C 0 2 (renew): A portion of the C 0 2 present in the leachate or landfill gas is considered
to derive from a renewable source. Renewable sources of C 02 are not 
an environmental burden.
NOx : System PB requires the greatest electrical energy quantity. Burning
landfill gas to produce electricity produces more NOx than landfill gas 
flares.
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Additionally, system PB utilises landfill gas to oxidise ammonia creating 
further NOx emissions. Overall system PB produces more NOx than 
system B. Interestingly, the fraction of NOx emissions associated with 
the production and transport of methanol within system B account for 
60% of the total.
S 0 2 : The majority of the sulphur dioxide emissions are related to the
combustion of sulphur compounds within landfill gas. The difference 
between system PB and system B lies in methanol production and 
transport.
CH.: Methane emissions are associated with methanol production and landfill 
of produced bio-solids. System B produces more methane emissions to 
atmosphere. Note that methane emissions associated with uncollected 
landfill gas are not considered [numerically this would represent the most 
significant source but the quantities would be identical in each system].
Metals/Halides These emissions to atmosphere are predominantly associated with 
landfill gas combustion and therefore almost identical in both systems.
NH3 (air) :
Metals/Nitrates 
/NH3 (water)
Ammonia to atmosphere is almost exclusively a function of the aerated 
biological treatment stages common to both systems. System PB 
aerates the leachate after the bulk of the ammonia has been removed in 
the air stripper tower. The emissions from system PB are therefore lower.
In system PB these burdens are exclusively associated with the landfill of 
produced bio-solids. System B, however, is additionally impacted by 
methanol transport (nitrates) and methanol production (metals).
The above environmental burdens can be split into two categories: those burdens that favour 
system PB as the choice of technology for landfill leachate treatment and those favouring the 
alternate technology route.
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Table 4 - Environmental Burden Breakdown
Total extracted energy, air required, CO, NOx
C 0 2, S 0 2, CH4, metals (air), halides
! (air), NH3 (air), metals (water), nitrates
(water), NH3 (water)
Note this table makes no comment on the relative mass difference or the significance of one 
burden relative to another. In the instance where all the burdens favoured system PB one 
could dispense with any further analysis regarding the impact of these quantified emissions; 
system PB would compare favourably regardless of the impact category chosen. This LCA 
continues through to the improvement assessment phase.
From the inventory data, two categories, CO and NOx emissions to atmosphere, are 
increased through the selection of system option PB. An alternative means of evaluating the 
difference between systems is through examination of the emission impacts against defined 
criteria.
The standard impact criteria within the Problem Orientated Approach are: global warming, 
acidification, ozone depletion, photochemical smog creation, nutrification, human toxicity, 
aquatic eco-toxicity, landfill volume and resource depletion.
I I 1.2 SYSTEM COMPARISON - IMPACT ASSESSMENT
The impact assessment facilitates the interpretation and aggregation of inventory data into 
forms that are more manageable and meaningful to the decision maker. In simple terms 
impact assessment serves to transpose the environmental burdens into environmental 
impacts or measures of environmental concern.
For those unfamiliar with the impact categories utilised within LCA (and specifically the 
problem orientated approach) the following brief description of each environmental impact 
criteria should help:
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Acidification : Acid gases cause the eventual decomposition of acidic species on the
earth’s surface (sometimes referred to as acid rain). This acid rain 
increases the acidity of receiving media once precipitated causing 
problems for aquatic life and the growth of trees, in addition to leaching 
nutrients from soils.
Sulphur dioxide in the atmosphere is oxidised to sulphur tri-oxide, a 
secondary pollutant, which then reacts with water to form sulphuric acid. 
The presence of ammonia increases the rate of oxidation (of S 0 2).12 
Additionally, nitrogen dioxide can increase the rate of photochemical 
oxidation of sulphur dioxide. Nitrogen oxides also dissolve in water by a 
series of complex reactions to form nitric acid.
Atmospheric acidification from gaseous releases may be calculated based 
on their mass emissions and acidification potential relative to sulphur 
dioxide.
Global Warming: (or the Greenhouse effect) is caused by the absorption then re-emission of 
incoming solar radiation energy by carbon dioxide and water vapour in the 
atmosphere. The temperature of the Earth’s surface is regulated by the 
portion of this re-emitted radiation which is returned to Earth. Without this 
re-emitted radiation the temperature of the Earth would be significantly 
lower (-20 to -40°C)12.
There is concern that increasing levels of carbon dioxide and other 
greenhouse gases in the atmosphere will lead to global warming with 
potentially disastrous consequences to the climate and habitat conditions.13
Global warming resulting from gaseous releases may be calculated on the 
basis of their mass emissions and global warming potential relative to 
carbon dioxide. This effect depends in part on the ability to absorb infrared 
radiation and the length of time present in the atmosphere.
PEMS 3.0 differentiates between direct and indirect greenhouse effects. 
Indirect greenhouse gases (e.g. NOx, N20 ) have not been included in the 
calculation of the global warming potential in line with the latest 
recommendations of the Intergovernmental Panel on Climate Change14.
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The use of indirect burdens is ignored; the uncertainty underlying their 
calculation is considered too great for them to be considered a reliable 
indicator.
Ozone depletion : The depletion of ozone in the upper atmosphere may cause an increase in 
ultraviolet radiation reaching the earth, which may cause human health and 
other environmental effects13.
CFCs (chloroflouro carbons or freons) were used extensively in aerosol 
cans, refrigerators and plastics until the late 1980s. There has been 
concern about the effect of these materials on the ozone in the 
stratosphere. CFCs are unaffected by ultraviolet radiation in the 
troposphere, but are susceptible to attack in the stratosphere and release 
chlorine atoms. Chlorine atoms in the stratosphere react with ozone to 
produce chlorine monoxide. This CIO then reacts with nitrogen monoxide 
radicals to form chlorine nitrate. This has been a natural cycle occurring 
for hundreds of millions of years; the chlorine atoms came from 
chloromethane which is given off from seaweed, the oceans and burning 
wood12.
The problem now is the quantity of CFCs reaching the stratosphere and 
the length of time they remain there; leading to more ozone being 
destroyed than is created. Ozone depleting substances are compared on 
the basis of their ozone depleting potential, which is the amount of ozone a 
particular substance can theoretically deplete in the upper atmosphere 
relative to chloroflorocarbon-11 (CFC-11).
Photochemical Ozone Creation
(Smog) : Ozone in the stratosphere is essential in screening the Earth from harmful
ultraviolet radiation. Paradoxically, ozone present in the troposphere is a 
dangerous pollutant. Ground level ozone is a precursor of tropospheric 
ozone. Ozone formation is implicated in respiratory problems and 
ecological damage to plants.
The chemical pollutants in photochemical smog are nitrogen monoxide, 
nitrogen dioxide, hydrocarbons, ozone and aldehydes12. The conditions 
needed for photochemical smog to form are a particular combination of 
atmospheric pollutants, sunlight, a stable temperature inversion, and land 
enclosed by hills.
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Releases to air of volatile organic compounds (VOCs) are compared on 
the basis of their potential to photochemically create ozone relative to 
ethylene.
Nutrification : If too many nutrients enter, or are created in, a fresh water system,
excessive plant and algal growth takes place. Nitrates, and in particular 
phosphates, cause this.
When these plants and algae die and decay, dissolved oxygen is used up 
and parts of the water may become anaerobic, causing the formation of 
foul-smelling substances such as hydrogen sulphide and ammonia. Rivers 
and streams purify themselves quickly, but lakes and static water can 
become marshy due to an accumulation of incompletely decomposed 
organic material.
Releases to water of such materials can be compared on the basis of their 
nutrification potential relative to phosphate.
Ecotoxicity : The release of certain substances may lead to adverse effects on aquatic
plants and animals. The releases of ecotoxic substances are compared on 
the basis of the volume of dilution in receiving waters required before the 
effects are no longer a problem to the receiving medium.
Human Health 
Effects : The release of certain substances may lead to adverse human health 
effects. For instance continual exposure to small concentrations of lead 
can lead to chronic poisoning whose symptoms include vague pains in the 
abdomen and limbs.
The releases of toxic substances are compared on the basis of the mass 
of human body weight needed before the effects of a unit mass of pollutant 
no longer pose a human health problem.
Resource Depletion : Within REMS 3.0 the assessment of resource depletion is limited to 
primary energy sources: coal, oil and gas. Quantities of coal, oil and gas 
required by each system under consideration are interrelated with 
reference to the scarcity of the individual resource in relation to known oil 
reserves.
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Landfill Volume : This feature within PEMS 3.0 impact assessment is perhaps the least 
significant impact category. It is not a particularly useful item of information 
given that waste management within LCAs has expanded to include the 
environmental burdens associated with landfill of waste materials. This 
impact category is rarely used unless space considerations are of 
particular interest.
The individual weighting PEMS 3.0 places on inventory data within an impact category can be 
found in appendix A at the end of the document. By way of an example, Acidification is made 
up of the following individual components, together with their weighting relative to sulphur 
dioxide emissions:
NOx : 0.7; HCI : 0.88; S 0 2 : 1.0; HF : 1.6
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III. 2.1 Impact Assessment Scores
F o r  e a s e  o f  p r e s e n t a t io n  t h e  f o l lo w in g  im p a c t  a s s e s s m e n t  is  c a r r ie d  o u t  o n  t h e  n e t  d i f f e r e n c e  
in  e m is s io n s  b e t w e e n  t h e  t w o  s y s t e m s  u n d e r  c o n s id e r a t io n .  A  n e g a t iv e  v a lu e  in d i c a t e s  t h a t  
s y s t e m  P B  d e m o n s t r a t e s  a  lo w e r  e n v i r o n m e n t a l  im p a c t  in  t h e  s t a t e d  c a t e g o r y  r e la t i v e  t o  
s y s t e m  B .
Standard Im pact Assessm ent 
Graph 5 - S tandard Im pact Assessm ent
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F r o m  t h e  a b o v e  g r a p h  ( g r a p h  5 )  it  is  c le a r  t h a t  t h e  r e la t i v e  d i f f e r e n c e  in  t h e  m a s s  o f  
g r e e n h o u s e  g a s  e m is s io n s  to  a t m o s p h e r e  is  t h e  m o s t  s ig n i f i c a n t  im p a c t  ( in  p u r e ly  m a s s  
t e r m s ) .  H o w e v e r ,  s y s t e m  P B  s c o r e s  p o s i t i v e  im p a c t  s c o r e s  ( i .e .  d e m o n s t r a t e s  r e d u c e d  
e n v i r o n m e n t a l  p e r f o r m a n c e )  in  3  c a t e g o r ie s :  a c id i f i c a t io n ,  n u t r i f i c a t io n  a n d  h u m a n  t o x ic i t y .  
N o te  t h e  u n d e r ly in g  c a u s e s  f o r  t h e  d i f f e r e n c e s  b e t w e e n  t h e  t w o  s y s t e m s  a r e  d i s c u s s e d  in  
d e t a i l  in  s e c t io n  IV  b e lo w .
A  n u m b e r  o f  t h e  c a t e g o r ie s  u n d e r  c o n s id e r a t io n  a r e  b a r e ly  v i s ib le  o n  t h e  s c a le  p r o v id e d  -  t h is  
d o e s  n o t  m e a n  t h a t  t h e i r  im p a c t  c a n  b e  ig n o r e d .
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Normalised Impact Assessment
The normalised impact assessment relates the impact categories (in mass terms) to the total 
global anthropogenic emissions. Accordingly the normalised impact is presented as a 
percentage of the global impact. PEMS 3.0 defines these global emissions based on work 
carried out by Lyden15.
The global data used within the normalised impact assessment are taken as follows:
1. Resource Depletion 5700E+6 tonnes Oil
2. Green House Gases 37700E+6 tonnes C 02
3. Ozone Depletion 1E+6 tonnes CFC-11
4. Acidification 286E+6 tonnes S 0 2
5. Nutrification 75E+6 tonnes Phosphate
6. Photochemical Smog 4E+6 tonnes Ethylene
7. Human Toxicity 576E+6 tonnes body weight equivalent
8. Aquatic Ecotoxicity 111000E+9 m3
9. Landfill Volume 5206E+9 dm3
Once again the data is presented in the form of the difference between the two systems under 
consideration -  see graph 6.
Under this normalisation approach it is clear that photochemical smog is the most numerically 
significant impact category in relation to annual global environmental emissions. However, 
this still leaves us with one very important question unanswered - namely which system 
provides the lowest overall environmental burden?
Natural sciences do not provide a means of weighting different environmental impacts; there is 
no founding in science for stating that global warming potential is twice as significant as 
acidification. The distinction between these impact categories is not “hard” objective science. 
Instead these distinctions are value-laden judgements or “soft” science. That is not to imply 
any weakness within value judgements, rather to highlight the inherent failing within objective 
science to adequately address this issue. It is hoped that the social sciences could yield 
weighting factors to enable some form of aggregation. However, there is no generally 
accepted way to do this at present.13
Further complications arise when one considers geographical factors. Take for example the 
production of methanol (a Background Process) which is a key contributor to the 
environmental burdens within system B, whose production occurs away from the landfill site.
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T h e  n o n  s i t e - s p e c i f i c  n a t u r e  o f  a n  L C A  m a k e s  it  d i f f i c u l t  t o  c a r r y  o u t  a  c o n v e n t io n a l  
e n v i r o n m e n t a l  im p a c t  a s s e s s m e n t .  T h e  f o c u s  is  o n  t h e  p o t e n t ia l  t o  d o  d a m a g e  r a t h e r  t h a n  
a n y  p r e d ic t e d  d a m a g e .  I t  f a l l s  t o  o t h e r  e n v i r o n m e n t a l  a s s e s s m e n t  t o o ls  ( e .g .  E n v i r o n m e n t a l  
I m p a c t  A s s e s s m e n t )  to  c o n s id e r  t h o s e  s i t e - s p e c i f i c  f a c t o r s .
Graph 6 -  Norm alised Im pact Assessm ent
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O f  t h e  c o m p o n e n t  s t e p s  in  a  L C A  a n a ly s is  ( g o a l  d e f in i t io n ,  in v e n t o r y  a n a ly s is ,  im p a c t  
a s s e s s m e n t  a n d  im p r o v e m e n t  a s s e s s m e n t )  o n ly  t h e  f i r s t  t w o  s t e p s  a r e  w e l l  d e v e lo p e d .  In  
c o n t r a s t ,  t h e  f r a m e w o r k  f o r  a s s e s s in g  l i f e - c y c le  im p a c t s  is  la r g e ly  c o n c e p t u a l16, a n d  w h i le  
e le m e n t a r y  im p r o v e m e n t  a n a ly s e s  c a n  b e  m a d e ,  t h e  t o o ls  f o r  e v a lu a t in g  l i f e  c y c le  im p a c t s  l im i t  
s u c h  a n a ly s e s .  A c c o r d in g ly ,  m a n y  l i f e - c y c le  a s s e s s m e n t s  s t o p  a t  t h e  in v e n t o r y  s t a g e .
T a k in g  a  p r a g m a t ic  a p p r o a c h  to  t h e  r e s u l t s  o f  t h e  n o r m a l is e d  im p a c t  a s s e s s m e n t ,  o n e  c a n  
s t a t e  t h a t  o f  t h e  n in e  e n v i r o n m e n t a l  im p a c t  c a t e g o r ie s  o n ly  t h r e e  f a v o u r  t h e  b io lo g ic a l  b a s e d  
t r e a t m e n t  s y s t e m .  W h e n  c o m p a r in g  t h e  d i f f e r e n c e  b e t w e e n  t h e  t w o  s y s t e m s  i t  is  c le a r  t h a t  t h e  
s u m  o f  t h e  n e g a t iv e  p e r c e n t a g e  g lo b a l  im p a c t  s c o r e s  ( i .e .  f a v o u r in g  s y s t e m  P B )  o u t w e ig h  t h e  
p o s i t i v e  im p a c t  p e r c e n t a g e  s c o r e s .  I n d e e d  o n e  w o u ld  n e e d  t o  w e ig h t  t h e  c o m b in e d  im p a c t s  o f  
a c id i f i c a t io n ,  n u t r i f i c a t io n  a n d  h u m a n  t o x ic i t y  b y  a  f a c t o r  o f  2 4  r e la t i v e  t o  t h e  o t h e r  s ix  im p a c t  
c a t e g o r ie s  b e f o r e  s y s t e m  B  p r o d u c e d  a  n e t  lo w e r  im p a c t  t h a n  s y s t e m  P B .  O n  t h is  b a s is  o n e  
c a n  b u i ld  a  s t r o n g  c a s e  f o r  s u g g e s t in g  t h a t  s y s t e m  P B ,  t h e  a i r  s t r i p p e r  b a s e d  t e c h n o lo g y  
p r o d u c e s  t h e  lo w e s t  e n v i r o n m e n t a l  im p a c t .
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As will be discussed in section IV, the sensitivity analysis, there exists some doubt as to the 
quality of inventory data relating to VOC emissions from methanol production, furthermore the 
validity of assuming the same mass emissions discharged to the sewer for both systems 
under consideration is also questioned. Therefore the impact categories ozone depletion and 
nutrification are considered to not favour either system. Under this new scenario one would 
need to weight the combined impacts of acidification and human toxicity by a factor of 38.
In this particular LCA however, we will continue on from the inventory stage through to the 
improvement assessment phase, utilising the macroscopic approach inherent in the 
methodology. The improvement assessment will identify opportunities for pollution prevention 
and not focus on making any objective claims for the environmental benefits of one system 
over the other. Firstly, however, we must test the assumptions underlying the above impact 
assessment using a sensitivity analysis.
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IV. SENSITIVITY ANALYSIS
The sensitivity of the impact assessment’s findings and the assumptions that preceded them 
are now tested to determine their significance on the final outcome. In this LCA, the sensitivity 
analysis is carried out using the scenarios as outlined below in table 5:
Table 5 - Options considered in sensitivity analysis
Hydrochloric acid to remove precipitated materials j 
from heat and mass transfer surfaces is included.
(i) Material produced in Japan.
(ii) Transport by Sea
Sewer Discharge The net reduction in total nitrogen and CÔD I
i (SCENARIO 3) discharged to sewer between systems is included as |
: an emission direct to the environment -  affecting the |
nutrification environmental impact category | 
; predominantly.
| N20  emissions from Anoxic The possibility that nitrous oxide is emitted from the |
| Tank anoxic tank within system B cannot be evaluated, j
PEMS 3.0 does not differentiate between NOx and j
Nitrous oxide emissions within inventory tables or j
within its impact assessment™. Hence this is not |
considered any further, 
j  Export Excess Electricity ; The option of exporting electricity to the Hong Kong |
I Generation Capacity grid is considered. Burdens associated with Hong I
] (SCENARIO 4) Kong’s electricity generation system (coal based) can I
; therefore be credited to each system in proportion to !
the quantity of energy exported (i.e. considered an |
| avoided burden)
i Hydrochloric Acid 
| (SCENARIO 2)
| (i) Production 
! (ii) Transport
to NOx emissions (NO and N 0 2) are evaluated in PEM S 3.0 as relating to acidification, nutrification, human toxicity 
and indirectly to global warming.
IC I’s environmental burden allocation method46 equates NOx emissions to global warming, photochemical smog 
generation and acidification. Nitrous oxide (N20 )  is allocated against global warming (indeed it is considered to have  
eight times the global warming potential of NOx).
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E a c h  o f  t h e  f o u r  h ig h l ig h t e d  s c e n a r io s  a r e  c o m p a r e d  w i t h  t h e  b a s e  c a s e  ( n o w  t e r m e d  
S c e n a r io  1 ) t h a t  h a s  a l r e a d y  b e e n  p r o d u c e d  f o r  s e c t io n  II I .  O n c e  a g a in  t h e  d a t a  is  p r e s e n t e d  
a s  t h e  d i f f e r e n c e  in  e n v i r o n m e n t a l  im p a c t  b e t w e e n  t h e  t w o  s y s t e m s  r a t h e r  t h a n  a b s o lu t e  
v a lu e s .
A  p o s i t i v e  im p a c t  v a lu e  d e n o t e s  t h a t  s y s t e m  P B  d e m o n s t r a t e s  a  g r e a t e r  e n v i r o n m e n t a l  im p a c t  
t h a n  s y s t e m  B  - i.e .  is  w o r s e  f o r  t h e  e n v i r o n m e n t .  E a c h  o f  t h e  n in e  im p a c t  c a t e g o r ie s  w i t h in  
P E M S  3 .0  a r e  c o n s id e r e d  in  t u r n .
•  T h e  in c lu s io n  o f  h y d r o c h lo r i c  a c id ,  s c e n a r io  
2 , d o e s  n o t  c h a n g e  t h e  o u t c o m e .
•  M e t h a n o l  p r o d u c t io n  is  t h e  m o s t  s ig n i f i c a n t  
a r e a  o f  r e s o u r c e  d e p le t io n  -  n a t u r a l  g a s  is  
r e q u i r e d  a s  a  f e e d s t o c k  w i t h in  t h e  p r o c e s s .
•  W h e n  o n e  c o n s id e r s  t h e  p o s s ib i l i t y  o f  
a v o id in g  t h e  b u r d e n s  o f  e le c t r i c i t y  
g e n e r a t io n  in  t h e  b a c k g r o u n d  s y s t e m  t h e n  
t h e  g r e a t e r  s p a r e  la n d f i l l  g a s  c a p a c i t y  in  
s y s t e m  B  is  s u f f i c ie n t  t o  o f f s e t  t h e  b u r d e n s  
a s s o c ia t e d  w i t h  m e t h a n o l  p r o d u c t io n .
IV.2 GLOBAL WARMING POTENTIAL
•  T h e  in c lu s io n  o f  h y d r o c h lo r i c  a c id  d o e s  
n o t  c h a n g e  t h e  o u t c o m e .
•  M e t h a n o l  p r o d u c t io n  a n d  t r a n s p o r t
t o g e t h e r  w i t h  t h e  c a r b o n  d io x id e  
r e le a s e d  f r o m  m e t h a n o l  b r e a k d o w n  in  
b io lo g ic a l  d e - n i t r i f i c a t io n  a r e  t h e  m o s t  
s ig n i f i c a n t  a r e a  o f  d i f f e r e n c e  b e t w e e n  
t h e  t w o  s y s t e m s ’ g lo b a l  w a r m in g
p o te n t ia l .
•  E m is s io n s  f r o m  t h e  g r e a t e r  l a n d f i l l e d
b io m a s s  m a t e r ia l  in  s y s t e m  B  f u r t h e r
f a v o u r  s y s t e m  P B .
2. Green House Effect - Direct
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•  In  s c e n a r io  4 ,  o n c e  a g a in ,  t h e  g r e a t e r  s p a r e  la n d f i l l  g a s  c a p a c i t y  a s s o c ia t e d  w i t h  s y s t e m  B  
e n a b le s  a  g r e a t e r  b u r d e n  a v o id a n c e  -  s u f f i c ie n t  t o  o f f s e t  t h e  b u r d e n s  a s s o c ia t e d  w i t h  
m e t h a n o l  ( p r o d u c t io n ,  t r a n s p o r t ,  a n d  u s e )  a n d  la n d f i l l  o f  p r o d u c e d  b io - s o l id s .
•  R e g a r d le s s  o f  t h e  s c e n a r io  u n d e r  
c o n s id e r a t io n ,  s y s t e m  P B  o f f e r s  
r e d u c e d  e n v i r o n m e n t a l  im p a c t s  
r e la t in g  t o  o z o n e  d e p le t io n .
•  T h e  o z o n e  d e p le t io n  c h e m ic a ls  t h a t  
a r e  m o s t  s ig n i f i c a n t  t o  t h is  o u t c o m e  
a r e  r e la t e d  t o  t h e  “ o t h e r  o r g a n ic  
e m is s io n s ” i d e n t i f ie d  b y  P E M S  3 . 0  f o r  
m e t h a n o l  p r o d u c t io n ,  w h ic h  t o g e t h e r  
w i t h  c h lo r in a t e d  h y d r o c a r b o n s  a n d  
c h lo r in a t e d  /  f l u o r in a t e d  c a r b o n s  a r e  
im p l ic a t e d  in  o z o n e  la y e r  d e p le t io n .
W i t h o u t  f u r t h e r  in f o r m a t io n  r e la t in g  to  w h a t  t h e s e  “ o t h e r  o r g a n ic ” e m is s io n s  c o n s t i t u t e  in  
m e t h a n o l  p r o d u c t io n  it  is  u n w is e  to  d r a w  a n y  s ig n i f i c a n t  c o n c lu s io n  r e g a r d in g  t h e  o z o n e  
d e p le t io n  p o t e n t ia l  o f  e i t h e r  s y s t e m .  G iv e n  g r e a t e r  t im e  r e s o u r c e s  t h is  w o u ld  c o n s t i t u t e  a  
w o r t h y  a r e a  f o r  f u r t h e r  i n v e s t ig a t io n .
IV.4 ACIDIFICATION
•  T h e  in c lu s io n  o f  h y d r o c h lo r i c  a c id  
p r o d u c t io n  a n d  t r a n s p o r t  d o e s  
m a r g in a l l y  in c r e a s e  t h e  a c id i f i c a t io n  
e n v i r o n m e n t a l  im p a c t  o f  s y s t e m  P B .  
N o te ,  in  t h e  b a s e  c a s e ,  s c e n a r io  1 , 
s y s t e m  P B  is  p e n a l i s e d  b y  v i r t u e  o f  
g r e a t e r  N O x  e m is s io n s ;  a s s o c ia t e d  
w i t h  b o th  a m m o n ia  o x id a t io n  a n d  
e le c t r i c i t y  g e n e r a t io n .
•  T h e  a v o id a n c e  o f  S 0 2 a n d  N O x  in  
e le c t r i c i t y  g e n e r a t e d  p r e d o m in a n t l y  
f r o m  c o a l  d w a r f s  t h e  d i f f e r e n c e  in
im p a c t s  b e t w e e n  t h e  t w o  s y s t e m s  f o r  a l l  t h e  h ig h l ig h t e d  s c e n a r io s .  O n c e  a g a in  t h e  
in c r e a s e d  s p a r e  la n d f i l l  g a s  c a p a c i t y  o f  s y s t e m  B  r e la t i v e  t o  s y s t e m  P B  is  s ig n i f i c a n t .
4. Acidification
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IV.3 OZONE DEPLETION
-0.48 
-0.50 
J -0.52
ro
|  -0.54 
w" -0.56 
O -0.58 
|  - 0.60 
-0.62 
-0.64
3. Ozone depletion
HAZARDOUS WASTE TREATMENT FACILITY 156
ENGD PORTFOLIO P J RUTTER
IV. 5 NUTRIFICATION
•  In  s c e n a r io  2 ,  t h e  i n c lu s io n  o f  H C I  in  
t h e  L C A  m a r g in a l l y  i n c r e a s e s  t h e  
e n v i r o n m e n t a l  b u r d e n  o f  s y s t e m  P B  -  
a l t h o u g h  t h is  c h a n g e  is  b a r e ly  v i s ib le  
o n  t h e  g r a p h .  N o te ,  s y s t e m  P B  is  
p e n a l i s e d  b y  v i r t u e  o f  g r e a t e r  N O x  
e m is s io n s  t o  a t m o s p h e r e .
•  B y  c o n s id e r in g  t h e  n e t  d i f f e r e n c e  in  
n i t r a te ,  a m m o n ia  a n d  C O D  
d is c h a r g e d  t o  s e w e r  a s  i f  i t  w e r e  
r e le a s e d  d i r e c t  t o  t h e  e n v i r o n m e n t  
( s c e n a r io  3 ) ,  it  is  c le a r  t h a t  t h e
n u t r i f i c a t io n  e n v i r o n m e n t a l  b u r d e n  n o w  f a v o u r s  s y s t e m  P B .  A s  s t a t e d  e a r l ie r ,  t h e  a c t u a l  
e n v i r o n m e n t a l  im p a c t  o f  t h e  f in a l  e f f l u e n t  p r o b a b ly  l ie s  b e t w e e n  t h e  t w o  e x t r e m e s  ( s c e n a r io  
1 a n d  3 ) .  O v e r a l l  t h e r e f o r e ,  o n e  m ig h t  c o n c lu d e  t h a t  t h e  t w o  s y s t e m s  a r e  b r o a d ly  
c o m p a r a b le  in  r e s p e c t  t o  n u t r i f ic a t io n .
•  In  s c e n a r io  4 , t h e  a v o id a n c e  o f  N O x  e m is s io n s  a s s o c ia t e d  w i t h  e le c t r i c i t y  g e n e r a t io n  is  
s ig n i f i c a n t  in  f a v o u r in g  s y s t e m  B  o v e r  s y s t e m  P B  -  a  “ k n o c k  o n ” f r o m  t h e  g r e a t e r  s p a r e  
la n d f i l l  g a s  c a p a c i t y  o f  s y s t e m  B  r e la t i v e  t o  s y s t e m  P B .  T h e s e  a v o id e d  e m is s io n s  a r e  
s u f f i c ie n t  t o  o f f s e t  t h e  a s s u m p t io n  o f  s c e n a r io  3 ;  n a m e ly  t h e  d i r e c t  d i s c h a r g e  o f  t h e  t r e a t e d  
e f f l u e n t  in to  t h e  e n v i r o n m e n t .
•  O n c e  a g a in  s c e n a r io  2  ( t h e  in c lu s io n  o f
H C I )  m a k e s  a n  a lm o s t  n e g l i g ib le
im p a c t  o n  t h e  o v e r a l l  L C A  r e s u l t .
•  S y s t e m  P B  is  s t r o n g ly  f a v o u r e d  o v e r  
s y s t e m  B  b y  v i r t u e  o f  t h e  m e t h a n e  a n d  
o t h e r  V O C  e m is s io n s  t o  a t m o s p h e r e  
a s s o c ia t e d  w i t h  m e t h a n o l  p r o d u c t io n .
•  E v e n  a l lo w in g  f o r  e x p o r t  o f  e le c t r i c i t y
a n d  a s s o c ia t e d  a v o id e d  b u r d e n s ,
s y s t e m  B  is  s t i l l  p e n a l i s e d  b y  v i r t u e  o f  
m e t h a n o l  p r o d u c t io n .
IV.6 PHOTOCHEMICAL OXIDATION
6. Photochemical Oxidation
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IV.7 HUMAN TOXICITY
•  T h e  p r in c ip a l  d i f f e r e n c e  b e t w e e n  t h e  t w o  
s y s t e m s  u n d e r  c o n s id e r a t io n  in  s c e n a r io  
1 r e la t e s  t o  le v e ls  o f  N O x  e m i t t e d  t o  
a t m o s p h e r e  -  a l t h o u g h  t h e  h u m a n  t o x i c i t y  
b u r d e n  is  e v a lu a te d  w i t h  r e f e r e n c e  t o  a  
n u m b e r  o f  s u b s t a n c e s .  N O x  le v e ls  a r e  a  
f u n c t io n  o f  t h e  la n d f i l l  g a s  c o m b u s t io n  
t e c h n iq u e  u t i l i s e d .
•  S y s t e m  B  p r o v id e s  t h e  b e t t e r  
e n v i r o n m e n t a l  p e r f o r m a n c e  a g a in s t  t h e  
h u m a n  t o x ic i t y  c r i t e r ia .
•  T h e  in c lu s io n  o f  H C I  a c id  p r o d u c t io n  a n d  t r a n s p o r t  ( s c e n a r io  2 )  in c r e a s e s  t h is  d i s p a r i t y  t o  
f u r t h e r  f a v o u r  s y s t e m  B .
•  B y  a v o id in g  b o th  t h e  g a s e o u s  a n d  w a t e r  e m is s io n s  a s s o c ia t e d  w i t h  e le c t r i c i t y  g e n e r a t io n  
f r o m  p r e d o m in a n t ly  c o a l  c o m b u s t io n ,  s y s t e m  B  is  s ig n i f i c a n t ly  f a v o u r e d  u n d e r  s c e n a r io  4 .
IV. 8 AQUA TIC ECO TOXICITY
•  In  t h e  b a s ic  L C A  ( s c e n a r io  1 ) ,  t h e  
o n ly  q u a n t i f ie d  e m is s io n s  t o  w a t e r  
r e la t e  t o  t h e  p r o d u c t io n  o f  m e t h a n o l  
a n d  t h e  la n d f i l l  o f  a n y  p r o d u c e d  b io ­
s o l id s .  T h e r e f o r e  s y s t e m  P B  is  
f a v o u r e d .
•  T h e  in c lu s io n  o f  H C I  ( s c e n a r io  2 )  
d o e s  n o t  a f f e c t  t h e  o v e r a l l  
c o n c lu s io n ,  a l t h o u g h  t h e  p r o d u c t io n  
o f  H C I  a c id  d o e s  r e p r e s e n t  
a p p r o x im a t e ly  o n e  t h i r d  o f  t h e  n e t  
d i f f e r e n c e  b e t w e e n  t h e  t w o  s y s t e m s
u n d e r  c o n s id e r a t io n  a n d  is  t h e r e f o r e  s ig n i f ic a n t .
•  T h e  in c lu s io n  o f  a v o id e d  b u r d e n s  f r o m  e le c t r i c i t y  g e n e r a t io n  ( s c e n a r io  4 )  d o e s  n o t  a f f e c t  
t h e  o v e r a l l  c o n c lu s io n ,  a l t h o u g h  it  d o e s  r e p r e s e n t  a p p r o x im a t e ly  o n e  t h i r d  o f  t h e  n e t  
d i f f e r e n c e  b e t w e e n  t h e  t w o  s y s t e m s  u n d e r  c o n s id e r a t io n .
8. Aquatic Toxicity
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N o t e  t h a t  e v e n  w h e n  s c e n a r io s  2  a n d  4  a r e  c o m b in e d ,  s y s t e m  P B  is  s t i l l  f a v o u r e d  o v e r  s y s t e m  
B  in  r e la t io n  to  a q u a t ic  e c o t o x ic i t y .
IV,9 LANDFILL VOLUME
•  S y s t e m  P B  is  f a v o u r e d  r e g a r d le s s  o f  
t h e  s c e n a r io  -  t h e  d i f f e r e n c e  in  t h e  b io ­
s o l id s  p r o d u c t io n  b e t w e e n  t h e  t w o  
s y s t e m s  u n d e r  c o n s id e r a t io n  is  t h e  
s ig n i f i c a n t  v a r ia b le .
IV.10 SUMMARY - IMPACT ASSESSMENT SENSITIVITY ANALYSIS
•  T h e  e x c lu s io n  o f  H C I  a c id  p r o d u c t io n  a n d  t r a n s p o r t a t io n  f r o m  t h e  in i t ia l  L C A  h a s  n o  e f f e c t  
o n  t h e  o v e r a l l  r e s u l t .
•  T h e  e x c lu s io n  o f  t h e  d i f f e r e n c e  in  v o lu m e s  o f  t r e a t e d  le a c h a te  t o  m u n ic ip a l  s e w a g e  w o r k s  
p r o b a b ly  o v e r ly  p e n a l i s e s  s y s t e m  P B  in  t h e  in i t ia l  L C A  w i t h  r e s p e c t  t o  t h e  N u t r i f ic a t io n  
e n v i r o n m e n t a l  b u r d e n .  O n  b a la n c e  it  is  l i k e ly  t h a t  t h e r e  is  n o  a d v a n t a g e  o r  d i s a d v a n t a g e  
( f r o m  a  n u t r i f i c a t io n  e n v i r o n m e n t a l  b u r d e n  v ie w - p o in t ) .
•  U n c e r t a in t y  r e g a r d in g  d a t a  c o l le c te d  f o r  m e t h a n o l  p r o d u c t io n  ( s p e c i f i c a l ly  v o la t i l e  o r g a n ic  
c a r b o n )  r e q u i r e s  f u r t h e r  d a t a  r e s e a r c h  b e f o r e  e n v i r o n m e n t a l  b u r d e n s  a s s o c ia t e d  w i t h  
o z o n e  d e p le t io n  c a n  b e  c o n s id e r e d  in  e i t h e r  s y s t e m ’s  f a v o u r .  O z o n e  d e p le t io n ,  l i k e  
n u t r i f i c a t io n ,  w i l l  t h e r e f o r e  b e  c o n s id e r e d  n e u t r a l  in  c o m p a r i s o n s  b e t w e e n  t h e  t w o  s y s t e m s .
•  T h e  e x c lu s io n  o f  in d i r e c t  e f f e c t s  o n  g lo b a l  w a r m in g  e n s u r e s  t h a t  n i t r o u s  o x id e  e m is s io n s  
f r o m  t h e  a n o x ic  t a n k  w i t h in  s y s t e m  B  a r e  n o t  in c lu d e d .  I f  i n d i r e c t  e f f e c t s  a r e  t o  b e  in c lu d e d  
in  a  l a t e r  s t u d y  t h e s e  e m is s io n s  m u s t  b e  in v e s t ig a t e d .
•  I f  t h e  o r ig in a l  b r ie f  h a d  e n a b le d  e x c e s s  la n d f i l l  g a s  to  g e n e r a t e  e le c t r i c i t y  a n d  t h u s  a v o id  t h e  
n e e d  f o r  e le c t r i c i t y  g e n e r a t io n  in  t h e  B a c k g r o u n d  S y s t e m  t h e n  t h e  im p a c t  a s s e s s m e n t  
f i n d in g s  t a k e  o n  a  d i f f e r e n t  c o m p le x io n .  C o n s id e r  t h e  f o l lo w in g  t a b le  ( t a b le  6 )  w h ic h  
c o n s id e r s  t h e  e n v i r o n m e n t a l  im p a c t  c a t e g o r ie s  f a v o u r in g  e a c h  s y s t e m  w i t h  a n d  w i t h o u t  t h e  
p o s s ib i l i t y  o f  e le c t r i c i t y  g e n e r a t io n  e x p o r t :
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Table 6 - Sensitivity o f Environmental Assessment to Electricity Export
a) Actual Resource Depletion Acidification Ozone Depletion
Situation Global Warming 
Aquatic Ecotoxicity 
Photochem. Ozone. 
Landfill Volume
Human Toxicity Nutrification
b) Possible Aquatic Ecotoxicity Resource Depletion Ozone Depletion
generation Landfill Volume Global Warming
of electricity Photochem. Ozone Acidification
for off-site Nutrification
utilisation. Human toxicity
• The environmental burdens associated with capital equipment were ignored in the above 
LCA. However, system PB requires more equipment and specialist materials of 
construction (particularly in respect to the heat exchange arrangements for landfill 
leachate); therefore it would be advisable given more time to include such considerations. 
Although as argued elsewhere in this document the 25 year operating life of the capital 
equipment will tend to minimise the significance of these burdens relative to the impact of 
operations.
IV. 10.1 Actual Scenario
Taking each impact category and calculating the percentage of the burden relative to total 
global burdens (a normalised impact assessment), it is clear that the sum of the global impact 
scores favouring the air-stripping system (PB) outweigh those favouring the biological based 
system (B). Indeed one would need to weight the combined impacts of acidification and 
human toxicity by a factor of 38“ relative to the five impact categories favouring air-stripping 
(resource depletion, global warming, aquatic ecotoxicity, photochemical ozone creation and 
landfill volume) before the biological based system produced a net lower normalised impact.
On this basis one can build a strong case for suggesting that the air stripper based technology 
produces the lower environmental impact.
a  A  weighting factor of 24 was previously established in section 111.2.1. This number utilised the normalised impact 
assessment for ozone depletion and nutrification which are excluded from the calculation of the 38 weighting factor.
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IV. 10.2 Possible Electricity Export
In the scenario where landfill gas could generate electricity for export then Resource 
Depletion, Global Warming, Acidification, Nutrification and Human toxicity all favour system B. 
Utilising the methodology of representing these impacts on a normalised global basis (see 
section 111.2.1), then the net sum of global impacts now favour system B over system PB by a 
factor of almost 3. Dependent upon the emphasis placed on individual impacts a case could 
be made for suggesting that system B, the biological effluent treatment process, produces the 
lower environmental impact when the possibility of energy export exists. However a more 
detailed LCA would need to be carried out -  particularly in relation to nitrous oxide emissions 
from process tanks -  in order to confirm this view.
The result of this study clearly illustrates the importance of local circumstances in influencing 
the outcome of LCA studies. In this study the local energy system was not able to accept 
power from “embedded” sources resulting in an environmental assessment that favours the 
novel air stripping technique. Had the reverse been the case then the environmental 
improvements offered by air stripping are to a significant degree nullified. Similar qualifications 
can be found in other Life Cycle Assessments, for example the importance of travel distances 
in the environmental benefit of household waste recycling operations.
The novel technology of ammonia stripping leachate without pH correction is being compared 
in this study with the mature technology of biological nitrification and de-nitrification. It would 
therefore be reasonable to expect that the performance of the novel technique can be 
improved with refinement -  particularly in reducing the NOx emissions from stripped ammonia 
combustion.
Box 3 -  Summary o f LCA
Volume I of this case study set out the strong economic incentive for including landfill gas 
within the considerations for an integrated leachate treatment solution. The Life Cycle 
Assessment has highlighted that the novel technology developed through this approach offers 
significant environmental benefit.
Had the possibility existed of exporting the energy derived from landfill into the local power 
supply then the environmental benefits of the novel technology would have been less apparent 
-  although that is not to say there is a clear case of demonstrable environmental detriment.
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V. IMPROVEMENT ANALYSIS
The air stripper based technology, system PB, scores favourably in the following 
environmental impact categories: resource depletion, global warming, aquatic ecotoxicity, 
photochemical ozone creation and landfill volume. The biological ammonia removal design 
scores favourably in the categories acidification and human toxicity.
This chapter within the thesis examines where the significant emissions occur, and by 
inference, what improvements could be made to either system’s environmental performance.
System PB
With reference to the impact assessment it is clear that the generation of NOx from the 
combustion of landfill gas (especially to oxidise ammonia) is the most significant contribution 
to the poorer performance in the impact categories acidification and human toxicity. 
Significant reductions in NOx emissions could be brought about in a number of ways:
(i) Scrub the ammonia gas emissions with sulphuric acid to form ammonium sulphate (a 
fertilizer).
(ii) Optimise the combustion process within the ammonia oxidiser to minimise NOx emissions 
by altering the reaction stoichiometry16.
(iii) End-of-pipe technologies to abate NOx emissions include injecting ammonia into the NOx 
rich off-gases reducing the oxides back to nitrogen. Given that ammonia gas is available 
from air stripping the leachate, one could experiment with diverting part of this gas flow to 
react with any produced NOx after the main combustion chamber.
(iv) Utilise alternate technologies - EA were developing an electrolyte solution that readily 
absorbs ammonia (based on NaBr). The ammonia in solution is converted through to 
nitrogen gas within an electrochemical cell.
Keen observers will note that (i) and (iv) above had previously been considered at the 
beginning of the project and dismissed, in the case of the acid scrubber for reasons of an 
unavailable market for the fertiliser by-product. The electrochemical route was dismissed as 
being unproven. Therefore options (ii) and (iii) would be the obvious candidates for further 
exploration -  using the same cradle to grave approach, to ensure that environmental burdens 
are not simply transferred onto another activity.
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System B
If system PB is penalised by virtue of high NOx emissions then system B’s poor showing in a 
number of the impact categories was almost exclusively the result of the Background System - 
particularly methanol production.
To effect environmental improvements an alternative organic carbon source for the de­
nitrification process needs to be found. This alternate source should ideally originate from a 
renewable material source whose manufacture requires less non-renewable materials and 
emits lower emissions. One material potentially available is glucose syrup. Once again the 
replacement material should be subject to the same rigorous LCA evaluation.
Since methanol is widely used in de-nitrification applications24, it is revealing to note that 
methanol is likely to be a major contributor to environmental burdens associated with 
biological de-nitrification, especially in instances where high nitrate levels are to be reduced.
V.1 IMPROVEMENT ANALYSIS #2
Although hypothetical, it is interesting to reflect on possible improvements to either system in 
the instance where electricity could be exported to the Hong Kong grid system. Therefore in 
addition to the above improvement suggestions the following observations become apparent:
System PB
The avoidance of burdens associated with electricity generation is a key factor. System PB 
should therefore focus on more efficient use of landfill gas, such that greater spare capacity is 
available for electricity generation.
The vast majority of the landfill gas is currently used in system PB as the fuel for the thermal 
oxidiser that also provides the heating requirements for the stripper tower.
At first sight this make not look like an attractive area for improvement; given that the stripper 
towers need to run at such elevated temperatures to achieve the desired outlet ammonia level 
(below 300mg/l). However....
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• If the stripper tower were run at 63°C rather than 70°C, the net reduction in landfill gas 
required would be 25% - a function of the reduced evaporative cooling effect. Pilot 
plant studies suggest that under such conditions the same design stripper tower 
should achieve an outlet ammonia concentration of 1,000 mg/l.
• An effluent with a COD of 6,000 mg/l and ammonia concentration of 1,000 mg/l 
should, in theory, be suitable for a nitrification / de-nitrification biological plant without 
the need to add any further organic carbon source.
• In essence we have exploited both technologies and such an arrangement may prove 
beneficial when the volume of collectable landfill gas declines as waste inputs reduce 
and an aftercare regime is installed at the landfill site.
System B
Once again this particular scenario favours reductions in landfill gas required for leachate 
processing activities. In system B, the major process electrical load (and by inference landfill 
gas load) is the nitrification tank aeration system. Therefore improvements in the oxygen 
transfer efficiency would be an obvious first area of investigation - perhaps utilising a pure 
oxygen based system.
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APPENDIX A
• Life Cycle Inventory Data used in the LCA
e Weightings used to link environmental burdens with impact categories in PEMS 3.0
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In v en tory  D ata
System B Bio 
Emission* .Landfill Gas Engine! HK electric ity Ocean Ship
Impact of Treated 
Effluent TKN.CODTransport by 
Ocean Ship
Landfill of produced
generate Electricity
1000 Nm3 Gas (or 
5C00MJ Electricity) 1000 kg of waste
INPUTS (STANDARD) 
Total Process Energy
(MJ) __________ .514
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Table 2.0 Weightings Used To Link Environmental Burdens With Impact Catagories in PEMS 3.0
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CASE STUDY #3 
INNOVATIVE DESIGN 
APPROACHES
H a z a r d o u s  W a s t e  t r e a t m e n t  f a c i l i t y
OVERVIEW
A chemical waste treatment plant was designed by Richard Paxton Associates. The plant is 
situated in Newport, South Wales and construction by Brunswick was completed in 1995. 
The plant was originally run by BFES but is currently owned by Park Environmental. I was 
very fortunate in that between 1993 and 1998 I was directly involved in a number of activities 
from design, commissioning and start up. Most recently, in July 1998, I was seconded to the 
site for 3 months as a deputy plant manager (and regularly the plant manger) responsible for 
maintenance staff, chemists and process operators in implementing chemical treatment 
strategies.
This particular project addresses a number of the engineering competencies required of an 
EngD research engineer: appreciation of industrial engineering; teamwork and leadership 
skills; written and verbal communication skills; and project management.
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I. BACKGROUND INFORMATION
In 1990 a waste management company, BFES, applied for planning permission to build a 
chemical waste treatment plant in an industrial estate in Newport, South Wales (UK). The 
planning application was initially examined by planning officers and their comments formed a 
report. The report and planning application were submitted to a planning committee of elected 
council members.
The planning officers advised the committee members that the planning application was valid. 
However, the planning committee decided to reject the case on the grounds of safety concerns 
surrounding the disposal and transport of toxic waste. BFES lodged an appeal against this 
verdict; feeling that the decision was based on a political rather than technical grounds. The 
appeal meant both sides appearing in a public hearing before an inspector appointed by the 
Secretary of State. For the appeal BFES brought in Richard Paxton Associates (RPA) together 
with experts in risk analysis and dispersion modelling. The inspector took two years to reach a 
verdict, finding in favour of BFES.
Following the inspector’s verdict, Richard Paxton Associates’ role was to complete a detailed 
design suitable for construction tender and provide assistance during construction and 
commissioning. The antagonism between BFES and the planning committee became an 
important consideration in the final detailed design of the treatment plant.
II. TREATMENT PLANT CONCEPT
The basic concepts behind the waste treatment plant were evolved by the company's technical 
director - Richard Paxton. In essence the facility is designed to take in a wide variety of industrial 
liquid chemical waste; treating the waste to form a filter cake suitable for landfill and a filtrate that 
passes to sewer. The treatment objectives are achieved through controlled chemical reactions - 
utilising wherever possible other waste streams as reagents. The most simple example is the 
use of alkaline wastes to neutralise acidic wastes.
Wastes enter the facility by one of two routes - either a tankered or drummed waste input. To 
give an idea of scale, the design throughput of the plant is 250,000 tonnes of waste per annum. 
As part of the planning restrictions the treatment and unloading of waste materials must be 
carried out inside an enclosed building. The range of wastes accepted into the plant includes: 
spent pickling acids, interceptor wastes, cyanides, chrome sludges, caustic wastes and oil-water 
emulsions.
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III. RESEARCH ENGINEER’S ROLE
The EngD started in October 1993 just as the detailed design of the treatment plant began in 
earnest for Richard Paxton Associates Limited. As an introduction to the company - its working 
methods and systems - the first project undertaken was as part of a design team working on the 
waste treatment facility. Initially the work focused on the facility's potential throughput capabilities 
- predicting filtration rates, unloading times and treatment tank sizes. However greater individual 
responsibility followed with the detailed specification and evaluation of the oily-waste area of the 
treatment facility, together with the design of the odour control system.
The work carried out is chronicled in greater detail in the 6 month portfolio submissions for the 
first two years of the EngD. The vast majority of work carried out on this particular project is not 
considered to relate to the overall thesis. However, the practical experience gained through this 
project does provide ample demonstration of the competencies required of an engineering 
doctorate. Despite the practical nature of this project there are areas which, whilst not 
considered an “innovative application of engineering theory”, do demonstrate some of the 
innovative lateral thinking (approaches) central to cleaner technology approaches. In particular 
the optimal use and reuse of a building’s air volume and using a chemical fume scrubber as a 
cooling tower represent such design innovation. What follows in the remainder of this document 
is a brief description of the interesting design ideas to come out of the treatment plant design.
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IV. O D O U R  C O N TR O L SYSTEM
The facility has the capacity to accept and treat in excess of 250,000 tonnes of waste per 
annum. All aspects of the operation including offloading waste tankers, waste treatment and 
the final discharge of treated material takes place within one process building. An odour 
control system was required to address a number of issues: tanker exhaust fumes; tank 
headspace gas removal; effective collection and treatment of worst-case tank emission 
scenarios; and achieving the required extraction rates specified under building regulations.
The odour control system consists of three plastic packed towers (each with different 
recirculating chemical reagents for fume absorption) and a separate activated carbon adsorption 
system for volatile organic carbon emissions from the oily waste processing activity. The three 
reagents used within the chemical fume scrubbers are: sodium hydroxide scrubbing solution to 
absorb and neutralise acidic fumes; a ferrous / ferric acidic scrubbing solution to remove caustic 
and cyanide fumes; and finally an alkaline hypochlorite solution for general odour removal.
As part of the responsibility for the detailed design of the odour control system a number of tasks 
were undertaken, these included: calculations of scrubbing solution usage; predictive gas 
release rates associated with incorrect unloading operations; detailed ductwork design for an 
inherently balanced system avoiding flow control dampers'3; hazard and operability study; 
detailed equipment and control specification for construction tender; contractor selection; 
installation and commissioning supervision. Such tasks are standard engineering practice and 
not considered a contribution to knowledge in relation to this EngD thesis. However, within the 
odour control system design there were two areas of interest - rationalising the air extraction 
rate and minimising the risk from a storage tank gas release in an emergency.
P Instead the correct flow distribution was achieved using different ductwork diameters and pipe bends only. 
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IV.1 OPTIMAL EXTRACTION RATES.
As part of the design process, the entire odour control system was subject to a systematic 
rationalisation of air extraction rates. Air extraction would be required as follows: (i) to provide 
ventilation in unloading areas; (ii) to provide ventilation in the control room and laboratory 
buildings; (iii) to remove headspace gases from storage and treatment tanks; and (iv) to 
maintain an overall total volume air change within the building structure.
Box 1 Clean Technology Principle
Although restricted by regulatory air extraction rates for the building, wherever possible the air 
would go through a cascade of uses before eventual extraction and processing through 
dedicated odour abatement equipment. By integrating the individual requirements of the 
odour control system the total air volume to be processed would be reduced, saving in 
equipment sizes and electrical energy consumption.
To illustrate the systematic approach consider the following:
Figure 1 - Simplified Representation o f Treatment Plant
Treatment Plant Building
air
Control
Room
air
air
Waste Tanker Unloading Pit
1) Waste Treatm ent and Storage Tanks. To ensure odour is not released from storage or 
treatment tanks into the building’s atmosphere, every tank is connected to the odour 
control system. Simple calculations of likely gas emissions and tank fill rates enabled the 
extraction air rate to be specified for each tank - with due consideration to explosive 
concentration limits.
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The extracted air enters the tanks’ headspace through the overflow pipe arrangements. Air 
entering the tank’s headspace was previously part of the building’s atmosphere; therefore 
these volumes can be deducted from the air volume extraction required for the building, 
dictated by the number of volume changes per hour required within the process building. A 
further bonus of this approach is that the air enters the overflow pipes at almost ground 
level providing an effective means of removing fumes within the building that are denser 
than air. The site contained approximately 15 tanks and the total air volume required for 
these tanks amounted to 8,500 Nm3/hr.
2) Unloading Pits. Odorous or sludge waste materials are emptied by gravity from waste 
tankers into an enclosed pit. A similar arrangement is used to separately unload oily waste 
materials. The pits allow any solids within the tankered waste material to be macerated or 
separated prior to pump transfer into storage or treatment tanks. These unloading pits are 
a significant source of potential odour nuisance, and in the case of the oily waste pit, a 
potential explosion hazard. As noted above, the air extracted from these unloading pits 
originates from the building atmosphere and hence this volume can be deducted from the 
total building extraction requirement. The total air extracted from these two unloading pits 
amounted to 13,000 Nnf/hr.
3) Control Room. Part of the treatment plant building is dedicated to the control room, staff 
toilets, and laboratories for incoming waste verification. Air is ducted from outside the 
waste treatment building and blown into these rooms, thus ensuring the safety of personnel 
working in these areas. These rooms are designed to be under a slight positive pressure 
relative to the atmosphere within the main unloading and treatment area - hence any 
emission incident in theses areas could not enter those rooms under a higher air pressure 
condition. Air leaves the rooms via open ducts that vent into the main unloading area 
atmosphere.
4) Laboratory Fume Cupboards. The fume cupboards are ventilated continuously, so that 
they offset part of the need to extract air from the laboratory room.
There are therefore three hierarchical levels of air use in the design of the odour control for the
waste treatment plant:
Primary Fresh air is used in commonly populated areas to ensure a safe and comfortable 
working environment.
Secondary Air is required within the main building atmosphere to dilute the effects of exhaust 
emissions from waste tanker movements within the building.
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Tertiary Air is required for tank headspace and unloading pit ventilation - thus preventing 
the release of toxic gases and odour within the main building; and avoiding 
flammability hazards.
Box 2 Outcome of Applying Clean Technology Principle
The total volume of air requiring processing was reduced by over 35% as a result of cascading 
air use within the treatment plant. The savings are relative to the volume that would have 
been necessary had the air extraction requirements been considered separately. The 
outcome relied on lateral thinking rather than innovating an engineering principle.
IV.2 WORST CASE GAS RELEASES
As part of the design process, predictive gas release rates associated with incorrect operation 
were estimated for mixing together incompatible wastes (for example unloading an acid waste 
through the caustic unloading system into a cyanide tank, releasing hydrogen cyanide gas). 
Safeguards built into unloading procedures and pressure detection on storage tanks ensured 
that such events would be extremely rare and the consequences minimised.
Individual tanks are connected to an appropriate gas scrubbing tower dependant on the type 
of chemical fume likely in the headspace of a tank. The scrubber towers are sized to 
accommodate normal tank headspace extraction requirement, dictated by tank fill rates. The 
dedicated chemical scrubbers are not sized to accommodate the extremely rare and large gas 
evolution events associated with incorrect unloading sequences. To illustrate this disparity, 
the air extraction rate required to accommodate unloading is 60m3/hr, but it is conceivable that 
a situation could occur in which the extraction rate of 6 ,000m3/hr would be required in an 
emergency.
At the time of the planning appeal it was agreed that in the unlikely event of a worst case gas 
release the excess gas would leave the tank from a vent into the building atmosphere, for 
eventual extraction as part of the general building air removal into the main chemical scrubber. 
At the detailed design it was decided that excessive gas evolutions should pass directly into 
the ductwork into the main chemical scrubber and not be released into the building’s 
atmosphere; thus minimising the risk to those people working in the vicinity of the storage 
tanks. However, the tanks are not connected directly to the general odour scrubber ductwork; 
instead they are connected to dedicated chemical scrubbers.
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The solution chosen used a weighted flapper in oversized ductwork which opens into separate 
ductwork leading directly to the general scrubber. This arrangement is shown 
diagrammatically below.
Figure 2 - Emergency Relief Arrangements
Ductwork to 
Main Scrubber
Oversize
ducts
Ductwork to 
k  Dedicated Scrubber
Storage
Tanks
Flap arrangement
The position of the flap is given by the differential pressure over the flap. When an excessive 
gas release occurs inside a tank (which is normally under a slight negative pressure) the 
pressure in the tank headspace and connecting ductwork rises. The pressure in the duct 
leading to the main scrubber (i.e. into which the flap opens) remains constant at a some 
negative pressure. Therefore, in the event of an excessive gas release, the pressure 
difference across the flap increases until the flap opens. The flap is designed to open before 
the pressure in the tank reaches atmospheric pressure; in this way, no gas is released into the 
building’s atmosphere. The detailed design of these flap valves included the specification of 
materials, the flap weight and centre of gravity (to ensure it reseals automatically once the gas 
evolution has subsided).
During the planning appeal the quantities of pollutant leaving the facility through the exhaust 
stack under worst case scenarios were considered. One scenario included a failure in both 
the main scrubber’s recirculation pumps at the same time as a worst case gas release from a 
tank into the building’s atmosphere. Dispersion modelling from the stack was carried out on 
this basis.
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However, because of the design change, diverting a storage tank’s gas evolution direct into 
the main scrubber, the concentration of chemical leaving the stack became greater than the 
value used as the basis for the dispersion model. To avoid breaking the conditions of planning 
it was decided to modify the design of the flapper system to allow only the originally modelled 
mass of gas to pass directly to the main scrubber in the ductwork. The remainder would pass 
into the building’s atmosphere. In this manner gas evolutions less severe than the absolute 
worst case could still be accommodated without release into the building atmosphere.
V. SPECIFICATION OF THE OILY WASTE SYSTEM
Aqueous based wastes containing significant quantities of oil are treated separately from the 
other waste streams. Tankers of waste arriving at the facility are unloaded into one of two 
storage tanks via an unloading pit. Within these storage tanks the oil is allowed to coalesce 
and settle prior to removal via an oil mop. The water phase from the storage tanks is 
processed through the treatment plant before eventual discharge to sewer.
At the time of the original design the oil recovered by the oil mop was to enter one of two 
emulsion cracking tanks. The emulsion cracking tanks heat the oil to improve oil water 
separation. Oil removed from these tanks was to be cooled before passing to a final storage 
tank. Any recovered oil would be sold on to a local oil refiner with its value based on the oil 
content.
This particular area of the plant design was deemed particularly hazardous because of 
potential fire and explosion hazards. Equipment required special features such as flame-proof 
motors. Not surprisingly, the process was heavily scrutinised at the planning appeal. 
Restrictions to come out of the planning enquiry were that the cracking tanks must be isolated 
in a separate, intrinsically safe room, with blast proof walls. In addition, only oil below 32°C 
would be allowed to leave this room.
Of the design work undertaken only the arrangements for heating and cooling the oil in the 
cracking tanks warrant mention within this case study. A waste oil-and-water mix was to be 
heated to 70°C within the cracking tanks and the contents leaving the cracking tanks room 
were to be below 32°C.
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V.1 HEATING
The following options were considered and dismissed:
i) A heating element inside the tank - not appropriate due to high localised temperatures and 
the potential for fouling.
ii) Gas fired heating - not valid under planning restrictions.
iii) Electrical heating jacket surrounding the tanks - too expensive because of electrical safety 
requirements in flammable areas.
iv) Steam - no suitable planning permission.
The final solution used electrically heated thermal fluids. The fluid could be heated externally 
from the hazardous area and piped to a set of limpet coils clamped around the external 
surface of the tank. The thermal fluid was not covered by the planning restrictions in the 
cracking tank room; its flash point was suitably high > 150°C.
V.2 COOLING
The design of the system to cool product oil from the cracking tanks required a similar train of 
lateral thought. Hot oil could not be moved out of the room; it had to be cooled inside the 
small cracking tanks room. However, there was insufficient cooling water available to cool this 
oil.
Initially, it was thought that using a form of air blast cooler would be appropriate. However, the
cooling load necessitated a substantial heat exchanger to be “shoehorned” inside the small
cracking tanks room, whilst the cooling air fans would need to be situated elsewhere in the 
building and cooling air would be ducted into the room and the heat exchanger. Provision had 
to be made for fan noise levels and fire dampers through the blast wall of the cracking tanks 
room. This solution proved both expensive and complicated.
The final solution used two heat exchangers: an oil/water exchanger and a water/scrubbing 
solution exchanger. The first exchanger cooled the oil in a heat exchanger positioned inside 
the cracking tanks room. The second exchanger was to sit inside the recirculation tank of the 
main odour scrubber. Water would be pumped between the two in a closed loop arrangement 
with expansion tank. The principle behind this seemingly bizarre arrangement was to utilise 
the evaporative cooling effect of the main odour scrubber to ultimately cool the hot oil. Placing 
the exchanger inside the scrubber recirculation tank was felt to be an optimum position since 
the scrubbing liquor would be continuously recirculated around the tower.
HAZARDOUS WASTE TREATMENT FACILITY 178
ENGD PORTFOLIO 
Box 3 - Clean Technology Approach
P J RUTTER
By taking a holistic approach to the site, a suitable cooling load was found by considering the 
chemical scrubbing tower as both a means of removing odour from extracted air and a 
potential cooling tower for heated scrubbing solutions.
Box 4 -  Outcome o f Applying Clean Technology Principle
The approach of using the scrubber as a cooling tower was economically more favourable 
than the alternative air-cooling arrangement considered. Despite this, the integrated heat 
transfer solution proposed for the oily waste treatment facility was never implemented since 
the cracking tanks were dropped from the final design during a budgeting exercise to reduce 
the overall project capital cost.
This completes case study #3.
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CASE STUDY #4 
SOLIDIF ICATION
M a n g a n e s e  R e s id u e  S t a b il is a t io n
OVERVIEW
Papas Quarry (existing dump site for manganese waste residues)
The following case study summarises the work undertaken to assess the solid and aqueous 
waste streams from a hydro-metallurgical process that produces manganese metal. The 
production facility is located in Nelspruit, South Africa. In order to communicate the staged 
involvement, this case study is written in approximate chronological order, ending with the 
chosen route for manganese residue stabilisation prior to landfill disposal.
The leaching of pre-reduced manganese ore to produce aqueous solutions of manganese 
sulphate leaves a solid residue that is separated from process liquor via thickener settling 
and vacuum belt filtration. During the first few years of the company’s (MMC) operations this 
waste stream was dumped to fill up dongasp in Nelspruit and the surrounding areas, followed 
by co-dumping with the Nelspruit Town Council at the municipal disposal site.
The disposal option since 1985 has been to send the residue belt filter cake material into a 
dedicated site - Papas Quarry.
p Donga is a term to describe a steep-sided gully created by soil erosion. The term is commonly used in South Africa 
Australia and New Zealand.
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However, by 1990 borehole and surface water monitoring had detected seepage from the 
quarry. In September 1994 the Department of Water and Forestry Affairs (DWAF) issued the 
first edition of the Minimum Requirements for Waste Disposal. These requirements were 
aimed at improving the standard of waste disposal in South Africa6. In August 1995 a joint 
workshop was held between MMC, DWAF, Nelspruit Town Council and consultants, in which 
the decision was made to pursue the option of residue inerting, thus phasing out the use of 
Papas Quarry by the year 2000.
In 1985 consulting engineers Steffan, Robertson & Kirsten (SRK) found that by adding lime to 
the waste and raising the pH above 10, the polluting potential of the material was substantially 
reduced. In 1994, SRK conducted stabilization studies of MMC's residue waste. Reagents 
tested included calcium oxide, calcium carbonate, fly ash, silica and Portland cement. 
Stabilisers in the form of organic polymers were also tried. In 1995 this testwork concluded 
that the addition of unhydrated lime (with no additives) to filter cake material provided a 
sufficient deactivation method15.
The addition of calcium oxide to filtered residues produced a sufficiently leach resistant 
material that passed the Toxic Characteristic Leach Parameter (TCLP) test. Accordingly, the 
DWAF allowed the waste to be declassified from hazardous to a general waste for its disposal 
to landfill". Subsequent pilot scale testing, comprising a batch mixer with screw feed 
arrangements and storage silos, produced spherical “pebbles”. The pilot scale work 
addressed the reduction in lime consumption through more efficient filtration prior to the 
inerting process and the quantitative removal of ammonia. Following this work a conceptual 
process plant design was produced by Kemplant (Pty) Ltd in November 1997.
The budget cost of the plant was such that Richard Paxton Associates (RPA) were asked to 
evaluate the proposed design - a peer review that required a 5 day site visit to collect the 
appropriate information. The review (carried out by this Research Engineer) highlighted that 
re-examining the inerting process - particularly the possible return of valuable materials 
(sulphate, ammonia and manganese) - was a more appropriate way forward. The RPA report 
focussed on the economic and environmental benefits of revising the strategy for inerting 
waste residues.
a  Under the minimum requirements for disposing hazardous waste6, the classification of a waste material can be 
delisted by the “exemption approach”. Generators are allowed to perform tests that prove their wastes should be 
regarded as non-hazardous or of a less hazardous nature. Should the results be affirmative, the wastes can then be 
disposed of at a General Landfill site equipped with a leachate m anagem ent system (i.e. a seepage control 
measure) but much less onerous landfill liner and capping arrangements.
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The approach to waste management taken by MMC prior to RPA’s involvement could be 
described as “fire fighting”, in which individual problems were solved in isolation without 
stepping back and viewing the “bigger picture”. The aim of the waste management review 
was to deal with each of the component parts in isolation but always putting the consequences 
of individual activities into the context of the wider problem. For example, by returning soluble 
salts back into the process the cost and risks associated with the final material sent to landfill 
are reduced. By using washing techniques to return these soluble salts, expensive filtration 
equipment could be avoided. Furthermore using these washing techniques to return these 
soluble salts could use the existing effluent plant feed as the source of washing water.
By contrast, for the previous inerting plant concept, environmental burdens would simply shift 
from one medium to another. For example ammonia, originally present as ammonium 
sulphate, would eventually become an odour nuisance or human health risk and an 
environmental hazard to any receiving watercourse.
Following the initial review, RPA reformulated a laboratory test programme and devised an 
alternative waste inerting process that incorporated the clean technology approaches of 
material reuse and internal recycling. Overall the clean technology approach would yield 
significant running cost gains relative to earlier designs characterised by end-of-pipe 
treatment techniques.
This case study document is structured into the following:
Section I 
Section II
Section III
Section IV
Section V
contains a glossary of terms specific to this project.
is an overview of the process steps involved in producing manganese metal 
from its ore using an electroplating process.
is a summary of the initial waste management review undertaken following a 
5-day site visit. At this stage it was thought that an inappropriate disposal 
option had been selected by MMC and the full potential for manganese 
recovery had been overlooked.
Following the initial review, a revised laboratory test programme was devised 
and completed. The results of that test program are presented and discussed 
in this section.
is a summary of the process design concepts put forward following the 
completion of the laboratory test programme. Particular focus is given to the 
economic evaluation of these clean technology concepts relative to the 
originally proposed end-of-pipe treatment option.
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I. GLOSSARY
DWAF Department of Water Affairs & Forestry. The organisation responsible 
for developing and implementing policy to regulate hazardous waste 
management
EIMn Acronym for Electrolytic Manganese.
EIMn Circuit The process whereby reduced manganese ore is dissolved in a 
sulphuric acid solution buffered by ammonia and electroplated from 
solution as manganese metal.
Fe-thickener Vessel used to gravity separate predominantly iron oxide and silicon
dioxide solid particles from the EIMn circuit. The underflow of this 
thickener vessel is routed to a belt filter whereby the filter cake 
generated is disposed of off-site whilst the filtrate is returned direct to 
process.
G landfill A landfill designed to accept only general waste. Depending on the
climatic water balance, it may or may not have a leachate 
management system.
General Waste A generic term applied to waste that does not pose a significant threat
to man or the environment if properly managed. It may, however, 
with decomposition, infiltration and percolation, produce leachate with 
an unacceptable pollution potential.
H landfill A containment landfill specifically designed for the disposal of
hazardous waste. Hazardous waste requires stringent control and 
management to prevent harm, damage and long term liabilities.
Hazardous Waste Waste, other than radioactive waste, which is legally defined as 
hazardous in the state in which it is generated, transported or 
disposed of. Hazardous waste has the potential, even in low
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Inerting
Inerting Process
Leachate
MMC
Moisture Content 
MVR
Pore Water 
Residue
S-thickener
concentrations, to have significant adverse effect on public health and 
the environment because of its inherent toxicological, chemical and 
physical characteristics.
Term used to describe the process of significantly lowering the 
environmental impact of MMC’s waste slurry and solid materials, such 
that the resultant material is classified suitable for disposal to a 
General waste landfill.
All equipment required to achieve an inerted material from slurry 
waste material. It encompasses de-watering equipment, solid - liquid 
washing equipment, reagent addition and storage equipment together 
with any necessary reactor / mixing equipment.
An aqueous solution with a high polluting potential, arising when 
water is permitted to percolate through waste materials.
Manganese Metal Company Pty.
The value (usually wt% wet basis) of water within a slurry sample 
(usually filter cake). The moisture content is determined in the 
laboratory through oven drying. It does not equate to the pore water 
content which includes the dissolved salts.
Mechanical Vapour Re-compression Evaporator
The liquid portion (water plus dissolved salts) usually expressed as a 
weight percent of a wet filter cake sample.
The combined effluent samples requiring disposal. In this case they 
are taken as a combination of leach thickener under flow, sulphide 
thickener underflow, pipe and tank cleaning material, waste M n02 
from the cell house together with filter cake produced from the effluent 
plant.
Vessel used to gravity separate predominantly heavy metal sulphides 
particulate matter from the EIMn circuit. The underflow of this 
thickener vessel is routed to a belt filter whereby the filter cake
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generated is disposed of off-site whilst the filtrate is returned direct to 
process. Often the underflow is routed direct to landfill due to filtration 
difficulties.
TCLP The Toxicity Characteristic Leach Procedure, developed by the US
EPA to measure the risk posed by a substance to groundwater.
TCLP Pass The concentration of a component (Manganese) which, when applied
to the calculation procedure for landfill disposal in South Africa, allows 
the material to be considered sufficiently inert (i.e. considered a 
General Waste). Manganese’s toxicology dictates that the material is 
hazardous; in the context of this report a TCLP pass corresponds to a 
sufficiently low teachable content for the material to be declassified.
Washing Efficiency refers to the percentage removal of soluble components originally
present in the pore water of filter cake produced from filtering residue 
material -  Fe and S-thickener underflows.
II. OVERVIEW OF MMC OPERATIONS
The process of electro-plating manganese results in one of the purest forms of manganese. It 
is used in a variety of industries such as the aluminium, copper, special steels, stainless 
steels, chemical and electronic industries. The MMC Nelspruit plant has an overall production 
capacity in excess of 80 tons per day1.
A hydro-metallurgical process is used. Ore is ground to a powder prior to being reduced 
within a rotary kiln. The reduced ore is leached in acidic anolyte solution produced in the cell 
house. The impurities (silicon, iron and harmful trace metals) are precipitated from the leach 
solution prior to entering the cell house. The manganese metal is plated on the cathode by 
applying a direct current to a cell. Sulphuric acid is formed at the anode.
The plated metal is then stripped from the cathode after 23 hours by rapping the cathode with 
a rubber mallet. The flakes of metal are washed, dried and fed into a rotary kiln to remove the 
hydrogen. The final product is exported as flakes or in powder form.
II. 1 MANGANESE USE IN INDUSTRY
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Manganese is a soft grey reactive metal that combines with oxygen, halogens, nitrogen, 
sulphur, phosphorous, silicon and carbon on heating3. MMC has more than 170 customers in 
35 countries. The company is the largest producer of manganese metal, with a total world 
share of +45%; most of the production is exported to the USA, Europe and the far East1. 
Manganese is principally used in the following industry sectors:
Steel Industry (Stainless and Carbon Steel)
Manganese is added to steel as a deoxidising and desulphurising agent. Manganese is
commonly added to metal alloys, for example jet engines and pipework required to operate in
low temperature environments.
Aluminium Industry
Metal used as roll metal for beer and cold drinks cans uses manganese (0.05-1.5%). Similar 
alloys are used in aircraft fuselages to add strength. The Mn content ensures that the scrap 
aluminium can be reprocessed.
Chemicals Industry
An example is manganese acetate, which is a catalyst used in the textile industry as a 
dehydrogenating agent.
Agriculture
MnO is used as a supplement for chicken feed and M nS04 as a fungicide. Manganese 
compounds are present in fertilisers and herbicides.
Electronics
Manganese has the property of rapid magnetisation and demagnetisation. Soft ferrites are 
produced using manganese metal powder and Mn^C4. These are widely used in the 
electronics industry, for example in appliances such as television sets.
11.2 PROCESSING ACTIVITIES
The following section is a brief overview of the process steps involved in the production of 
manganese metal from manganese ore.
11.2.1 S TO R IN G  A N D  C R U SH IN G  S E C TIO N
Manganese (Mn) ore is brought into the Nelspruit site by train and off-loaded via a conveyer 
belt system into storage bins. The Mn-ore originates from Hotazel mines in the Northern Cape 
of South Africa - some 1050km from the production site. The extracted ore has the following 
composition:
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Table 1 - Ore Analysis
Com ponent %
Mn 48-50
Fe 12
S i02 6
The principle ore is pyrolusite (M n02). This ore is fed to ball mills run at elevated 
temperatures (90°C). The ore is milled to 80-75pm; the coarse fraction is rejected and taken 
to a stockpile where it is recycled back through the system. The mill product is conveyed to 
cyclones pneumatically and the ore powder from the cyclone underflows goes into storage. 
Air is eventually discharged to atmosphere after passing through a bag filtration stage.
11.2.2 ORE REDUCING SECTION
The ore is then fed to rotary tube kilns (or calciners) via screw conveyors. Electrical heating 
elements inside the calciner provide the temperature of 800°C required for the reduction to 
take place. Carbon is fed into the kiln to reduce the manganese ore. The overall reaction 
taking place is:
Mn4+ + CO (800°C) -> Mn2+ + C 02
The individual reaction steps involved can be summarised as:
a) M n02 + C MnO + CO
b) M n02 + CO MnO + C 0 2
c) 3 Fe20 3 + C 2 Fe3O^ + CO
d) Fe304 + C 3 FeO + CO
The ore leaving the calciners has a Mn content of 50-55wt%.
11.2.3 SOLUTION PREPARATION PLANT
As this is a hydrometallurgical plant, the ore has to be converted into an aqueous form to be 
plated. 98% H2S 0 4 is mixed with the anolyte solution from the cell house to decrease the pH 
of the anolyte solution. This acidified anolyte solution is then mixed with the manganese (II) 
oxide (MnO) leaving the calciners and passes onto the first stage leach tank at a pH of 
approximately 6 .0.
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In the first stage leach tank the reduced manganese and iron is leached into the anolyte 
solution. The soluble iron is oxidised by direct contact with air injected into the first stage 
leach tank; this oxidised iron then precipitates from the leach solution. The main reactions 
taking place in the leach tank are as follows:
MnO + H2SO4 MnS04 + H20  
FeO + 0 2 Fe20 3 / Fe30 4
The concentration of iron in the leach solution is reduced to 1mg/l in the oxidation phase of the 
leach process. The final leach solution is characterised by the following typical analysis.
Table 2 - Leach Solution Analysis
Parameter Value
PH 6 .0-6.5
Temperature (°C) 47
sg (kg/l) 1.16
Mn2+ Cone (g/l) 30-33
S i02 Cone (ppm) 50
Fe2+ Cone (ppm) 1
11.2.4 THICKENERS
The overflow from the leach tank system flows into a thickening tank, denoted the Fe- 
thickener. However, before the solution enters the thickener, aluminium sulphate (AI2(S0 4)3) 
and a flocculent are added. The AI2(S 04)3 helps with the co-precipitation of silicon. The Fe- 
thickener is designed to settle out the following components from the leach circuit (denoted 
EIMn circuit): FeO, S i02, M n02, Mn(OH)2, Fe(OH)2. The silicon level in the solution leaving the 
Fe-thickener is now less than 10ppm. The manganese (IV) compounds are present due to 
incomplete reduction in the calciners.
The thickener overflow is dosed with ammonium hydroxide for pH correction (to pH 7) and 
ammonium sulphide (NH4)2S) to precipitate trace heavy metals with a negative effect on the 
plating process; the precipitates are metal sulphides. These trace metal impurities include 
cobalt, copper, nickel, chromium, zinc, silicon and molybdenum. The resultant solution 
passes onto a further thickener, the S - thickener (sulphide thickener), where the precipitated 
impurities are removed in the underflow.
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T a b le  3  -  U n d e r f lo w  A n a ly s is
Parameter Fe-Thickener S  -  Thickener
S o l id s  ( w t ) 1 2 - 1 6 % 5%
P e r c e n t a g e  M n  ( % ) 1 2  % 1 8 %
P e r c e n t a g e  F e  ( % ) 1 6 % < 1 %
S i c o n t e n t  ( % ) ± 1 3 % ± 1 %
s g  o f  u n d e r f lo w  ( k g / l ) 1 .4 1 .2
D r y  d e n s i t y  ( k g / l ) 3 .3 3 .6
T h e  u n d e r f lo w s  f r o m  b o th  t h e  F e  a n d  S  t h ic k e n e r s  f lo w  b y  g r a v i t y  to  a  f i l t r a t io n  s t a g e  -  a  
v a c u u m  b e l t  f i l t e r  p r e s s .  T h e  f i l t e r  c a k e  p r o d u c e d  b y  t h e  b e l t  p r e s s  is  t a k e n  o f f s i t e  t o  P a p a s  
Q u a r r y ,  a  s l im e s  d a m .  T h e  f i l t r a t e  f r o m  t h e  b e l t  f i l t e r  is  p u m p e d  b a c k  in to  t h e  E IM n  c i r c u i t  a n d  
t h u s  r e c y c le d .
Belt Filter press conveyor and truck about to set off for Papas Quarry
11.2.5 FINAL CLARIFICATION AND ANOLYTE HANDLING SECTION 
T h e  p u r i f ie d  s o lu t io n  f r o m  t h e  S -  t h ic k e n e r  f lo w s  t o  a  s e t  o f  p r e s s u r e  f i l t e r s  t o  r e m o v e  a l l  t h e  
r e m a in in g  s o l id s  b e lo w  1 2 0 p m .  A t  t h is  s t a g e  t h e  f i l t e r  r e c o v e r y  is  a b o u t  8 0 0  m g  s o l i d s  p e r  l i t r e  
o f  s o lu t io n .  T h e  f i l t e r s  a r e  c le a n e d  a f t e r  e v e r y  1 8  h o u r s  o f  o p e r a t io n  a n d  t h e  r e ta in e d  c a k e  is  
p u m p e d  b a c k  t o  le a c h  t a n k .  T h e  r e s u l t a n t  f i l t r a t e  s o lu t io n  is  d o s e d  w i t h  S 0 2 g a s  b e f o r e  
e n t e r in g  t h e  c e l l  h o u s e .  T h is  f e e d  s o lu t io n  to  t h e  c e l l  h o u s e  is  c h a r a c t e r i s e d  a s  f o l lo w s :
T a b le  4  -  C e l l  F e e d  S o lu t io n
Component Cone.
M a n g a n e s e  S u lp h a t e ,  M n S 0 4 3 2  g / l
A m m o n iu m  S u lp h a t e ,  (N F !4)2S Q 4 1 2 5  g / l
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Manganese metal preferentially plates as y-phase manganese which is hard and does not 
loosen easily from the cathodes. Adding S 0 2 to the feed solution ensures that the y-phase 
manganese is converted to a-phase manganese which is easily removed from the cathode. 
S 0 2 gas is produced by melting sulphur and burning the resultant liquid in a combustion 
chamber at 530°C.
11.2.6 CELL HOUSE
There are 80 cells in total at the MMC site and a representation of a typical cell in cross 
section is given in figure 1. The feed solution enters the cathode compartment; the cathode 
and anode are separated by a canvas membrane. Plating of the Mn metal occurs on the 
cathode plates, which are constructed from an austenitic stainless steel. The reactions taking 
place in the cell are summarised as follows:
Cathode reactions : yMnS04 + S 0 2 -> aM nS04
aM nS04 + 2e- -> aMn + S 0 42"
2NH4+ + S 0 42' (NH4)2S 0 4
2H20  + 2e- -» H 2 + 20H -
Anode reactions (NH4)2S 0 4 + 2H+ -4- 2 N H / + H2S 0 4
Mn2+ Mn4+ + 2e"
The cathode stays in the cell for 23 hours, in which time the Mn has plated to a thickness of 
2mm. The plated metal is separated from the cathode plates manually - using rubber mallets. 
The surface of the cathode is coated with a thin layer of sodium silicate to ensure that the 
plated metal releases easily. The resulting Mn flakes fall onto a conveyor belt and the metal is 
conveyed to the metal handling plant. The 80 cells on site are able to produce 80 tonne of 
metal per day.
The cathode is buffed regularly to obtain a clean surface for efficient plating. Failure to 
maintain a clean cathode or a sufficiently pure feed solution results in brittle Mn formation. 
Brittle Mn is likely to fall off the cathode, to dissolve and then precipitate as manganese 
hydroxide in the cell, resulting in the formation of ammonia gas. Larger pieces accumulate at 
the bottom of the cell and the cell must be periodically cleaned.
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Figure 1 - A Typical Cell
A NO DE C A THO D E
Solution Feed 
32 g/l Mn
Overflow for 
anolyte
Plated • 
Mn I
pH < 1 
Mn=12g/I
pH = 7 
Mn=12g/I
To  anolyte 
sumpPrecipitated M n 0 2
The instant the cell is switched on Mn starts to plate on the cathode. Therefore the 
concentration of the cathode solution is + 12 g/l whereas the feed solution is + 32 g/l Mn. 
There is some physical displacement of the catholyte through the canvas membrane. If the 
membrane is still new, the level of the catholyte and anolyte would be very close to equal; 
however, once the diaphragm becomes blocked, the level will differ substantially. The canvas 
diaphragms are designed to withstand chemical attack and provide sufficient permeability 
without introducing a very high electrical resistance into the current’s path. The M n02 formed 
at the anode falls down to the bottom of the glass fibre cell box. Sulphuric acid is also formed 
at the anode and the resultant anolyte solution leaving the cell via the overflow arrangements 
has a pH = 1.
The cell temperature is in the region of 39-42°C. If the temperature is too high the metal 
discolours, whilst too low a temperature produces a hard metal likely to crack and fall from the 
cathode into the cell solution. Fan coolers at the sides of the cell maintain the temperature 
within the cell.
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II. 2.7 ANOL YTE SOLUTION HANDLING
The anolyte overflow from the cell house is pumped to an agitated sump. In this solution 
H2S 0 4 and NH4OH are added to achieve an ammonium sulphate concentration (NH4)2S 0 4 of 
120-125 g/l. From the sump the anolyte flows to storage tanks from where the anolyte 
solution is pumped back to the first stage leach tank - thus completing the EIMn circuit.
The M n02 produced in the cell house at the anode leaves the underflow launder arrangements 
in the cell. The M n02 is then dried and dumped off-site at Papas Quarry.
11.2.8 METAL HANDLING PLANT
The metal flakes are fed via a conveyor to a series of washers in which clear water is sprayed 
onto the metal flakes to remove salts and impurities on the metal surface. The washed metal 
flakes are then dried in an oven (400°C) prior to entering a furnace (700°C) to dehydrogenate 
the manganese metal. The metal flakes are then cooled, crushed and screened into fines and 
flakes according to customer demands. The analysis of the manganese metal produced is 
provided in table 5 below:
Table 5 - Mn Metal Analysis
Elem ent Typical %
Mn (total) 99.55
C 0.005
S 0.027
P 0.001
Si 0.001
Fe 0.001
Cu <0.001
Pb, V, Ni, Co Trace
H 0.0006
0 0.3
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11.2.9 PERFORMANCE INDICATORS
The hydro-metallurgical process to convert manganese ore into pure manganese metal 
requires a number of raw material inputs and is characterised by the following performance 
data:
Table 6 - Typical Performance Data
Descrip tion Performance
Cell current efficiency 67-68%
Power consumption 9000 kWh/t
Mn ore consumption 2.45 t/t metal
H2SO4 consumption 0.14 t/t metal
NH4OH (25%) consumption 0.17 t/t metal
III. WASTE MANAGEMENT REVIEW
MMC’s existing hazardous waste management practices at the Nelspruit site can be 
summarised into three key activities (a schematic representation of the waste management 
activities at MMC’s Nelspruit site can be found in drawing 9801/468/11128 attached):
Activity 1. Surface water run off and cell house wash waters are collected and processed 
through an on-site effluent treatment plant. The treatment plant consists o f pH 
correction (by calcium hydroxide addition) - thus precipitating manganese and 
sulphate - followed by air stripping to remove ammonia. The treated effluent is 
discharged into the local sewage works. Filter cake material produced 
(predominantly manganese hydroxide and calcium sulphate) is disposed of off- 
site at a dedicated landfill site - Papas Quarry. The air-stripped ammonia is 
discharged direct to atmosphere.
Activity 2. Residues from the EIMn circuit (the underflows from Fe-thickeners and S- 
thickeners) are de-watered in a vacuum belt filter press. Filtrate is returned to 
the EIMn circuit, whereas the filter cake material is transported off-site to Papas 
Quarry. Often the underflow materials from the S-thickeners are transported 
directly to Papas Quarry without de-watering - due to filtration difficulties. The 
filter cake solids principally comprise unreduced manganese material, iron 
oxide and silicon present in the original ore. The pore water of the filter cake 
has essentially the same composition as the feed solution to the cell house, i.e. 
a saturated manganese sulphate and ammonium sulphate solution.
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Activity 3. A number of convergent events precipitated the third waste management 
activity - to return the supernatant liquor from Papas Quarry (termed PQS) back 
to the production facility in Nelspruit. The events in question were a greater 
general awareness of environmental issues within South Africa; stronger 
environmental regulation from the DWAF; and lack of further capacity at Papas 
Quarry. MMC were forced to reconsider their waste management activities in 
the early 1990s. The waste materials sent to Papas Quarry were considered 
hazardous", and the DWAF would not licence another Papas Quarry without 
much greater safeguards built into the design and operation of a disposal site. 
In order to increase the life span of the Papas Quarry site MMC returned the 
supernatant liquor back to the process plant by road tanker.
The Papas Quarry Supernatant (PQS) contains significant quantities of manganese, sulphate 
and ammonium. In order that the PQS material can be successfully returned to the EIMn 
circuit the liquor is first concentrated in a mechanical vapour recompression evaporator 
(MVR). The absurdity of waste management activity 3 is immediately apparent - why transport 
material off-site (concentrated) allow it to combine with other waste materials and rainfall, only 
to transport the material back to site to be evaporated and reprocessed? However, the 
accumulation of waste liquid within the Papas Quarry site necessitated immediate action.
I I  1.1 HISTORICAL PERSPECTIVE PRIOR TO RPA INVOLVEMENT
During the first few years of the MMC’s operations the waste residue stream was dumped to 
fill up dongas in Nelspruit and surrounding areas, followed by co-dumping with the Nelspruit 
Town Council at the municipal disposal site14. The disposal option since 1985 had been to 
send the residue belt filter cake material into a dedicated landfill site - Papas Quarry. 
However, by 1990 borehole and surface water monitoring had detected seepage from the 
quarry. A filter trench to intercept the seepage was installed in 1992 with further extensions 
added in 199614.
In September 1994 the Department of Water and Forestry Affairs (DWAF) issued the first 
edition of the Minimum Requirements for waste disposal. These requirements were aimed at 
improving the standard of waste disposal in South Africa6. In August 1995 a joint workshop 
was held between MMC, DWAF, Nelspruit Town Council and consultants, in which the 
decision was made to pursue the option of residue inerting.
a  The term hazardous waste relates to the U NEP definition: chemical reactivity or toxic, explosive, corrosive or other 
characteristic which causes, or is likely to cause, danger to health or to the environment, whether alone or when in 
contact with other waste.
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In 1985 consulting engineers Steffan, Robertson & Kirsten (SRK) found that by adding lime to 
the waste and raising the pH above 10, the polluting potential of the material was significantly 
reduced. In 1994, SRK conducted stabilization studies on MMC’s residue waste. Reagents 
tested included calcium oxide, calcium carbonate, fly ash, silica and Portland cement. 
Stabilisers in the form of organic polymers were also tried. In 1995 this test work concluded 
that un hydrated lime with no additives provided a sufficient deactivation method15. Within 
South African regulations6 there is a principle of “delisting by exemption”, whereby a waste 
generator can demonstrate that their wastes can be considered of a less hazardous nature, 
thus justifying an appropriate (usually cheaper) waste disposal route.
The untreated residue materials are classified as hazardous and would require storage within 
a hazardous waste landfill - with all the cost implications for monitoring, containment, leachate 
management and load restrictions such a waste category requires under the DWAF Minimum 
Requirements6,7. The result of MMC’s investigation was that lime addition to the belt filtered 
material produced a dry material that could be considered inert5. Materials of particular 
concern, given the original composition, were Manganese, Nickel, Iron, Chromium, Cobalt, 
Copper and Zinc. The test work undertaken demonstrated that the quantities of components 
teachable from an inerted (i.e. lime added) material were sufficiently low for the hazard rating 
of the resultant material to be delisted by exemption. The final material could therefore be 
considered as “General Waste”5.
In addition to solidification recipes, MMC examined a thermal inerting process, whereby the 
material would be heated to 1200°C and the silica present would create a “glass-like” material. 
The cost of the incineration process and concerns over sulphur dioxide emissions halted 
further investigation. A further waste disposal outlet investigated included brick making, 
whereby clay and the residue solids were combined and fired to produce construction bricks. 
However, to create an appropriate brick, twice the mass of residue as clay was required. 
Concerns over the leaching potential of the brick material and finding a market for the 
produced material combined to ensure that this route was not considered further. Another 
option considered by MMC was the possibility of transporting waste residue material back to 
the Hotazel mines where the ore originates. The production of an inert material (via calcium 
oxide addition) disposed in a general waste landfill site became MMC’s preferred option14.
P Lime was already utilised to precipitate manganese within the existing effluent plant and a similar electroplating
manganese facility in Japan inerted their solid residue material in such a manner.
8 For the interested reader Appendix D discusses this approach in detail.
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When lime as calcium oxide is added to the filter cake material, it reacts with the pore water 
within the filter cake as follows:
Lime Hydration: CaO + H20  -> Ca(OH)2
Manganese Precipitation: MnS04 + Ca(OH)2 + 2H20  -> Mn(OH)2 + CaS04.2H20
Ammonia Removal: (NH4)2S 0 4 + Ca(OH)2 CaS04.2H20  + 2 NH3
Note magnesium and other metal ions are also present in solution. These are predominantly 
removed as metal hydroxides under similar reaction mechanisms to manganese precipitation.
Subsequent pilot scale testing, comprising a batch mixer with screw feed arrangements and 
storage silos, produced spherical “pebbles” (approximately 5-1 Omm in diameter). The pilot 
scale work addressed the reduction in lime consumption through more efficient residue 
filtration prior to the inerting process and the quantitative removal of ammonia. Following this 
work, a conceptual process plant design was produced by Kemplant (Pty) Ltd in November 
199722.
During the inerting pilot plant operation, considerable quantities of heat and ammonia gas 
were evolved to atmosphere. The heat evolution was principally the result of the heat of 
hydration of calcium oxide to calcium hydroxide, whilst ammonia gas evolved from solution as 
a result of the highly alkaline environment. However, the pellets of material produced 
demonstrated leach resistant properties, sufficient to allow the material to be considered non- 
hazardous (a “General Waste”).
In general, belt filters employing vacuum filtration systems achieve relatively poor solids 
separation" resulting in the production of a moist cake. At MMC’s site the pore water o f the 
filter cake produced by their vacuum belt filter contains considerable concentrations of 
dissolved manganese and ammonium salts. Therefore the pilot plant inerting test work 
compared the economics of inerting the solid material produced from either the existing belt 
filter or a pressure filter press. The results demonstrated that the cost difference in lime 
consumption required for acceptable inerting conditions favoured the installation of a filter 
press rather than keeping the existing belt filter.
01 This comment is a generalisation and relates to the dewatering efficiency of filtration devices whereby a vacuum  
belt filter can achieve a 55%  solid content filter cake, whereas alternative (usually more expensive) devices achieve  
improved efficiencies (for example filter press or tube press). The improvement in filtration efficiency is usually 
brought about through higher operating pressures.
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Based on the pilot plant trials, MMC went out for tenders to build an inerting plant to process 
200 tonnes per day of filter cake material. The projected capital cost was greater than 
anticipated. As a result RPA (this RE) were asked to examine the process concept which had 
evolved from the pilot plant design. RPA were known to MMC through their involvement with 
a stainless steel and ferro-chrome production site in nearby Middleburg, South Africa.
I  I 1.2 WASTE MANAGEMENT REPORT
The waste management review required a 5 day site visit to collect the appropriate information 
followed by 4 weeks office based research and report compilation. The reported outcome of 
that review - “Waste Management Review Document” (carried out by this Research Engineer) 
- is not reproduced in full for this case study; instead the main points are summarised.
The initial brief from MMC was to produce a critique of the batch mixing plant process concept 
proposed by Kemplant, with a view to reducing the overall capital expenditure. However, it 
soon became apparent that the review of the inerting plant design needed to examine the 
inerting plant process at a much more fundamental level. True economic savings would not 
be made in producing a cheaper mixing plant, but through close examination of the activities 
that generate the waste.
MMC’s pilot plant work had established that improving the filtration efficiency of the residue 
de-watering stage would reduce the total mass of dissolved manganese and ammonium salts 
sent to landfill. This reduction also resulted in a reduction of the quantity of lime needed for 
successful residue inerting. However, the waste management review sought to fundamentally 
examine how those dissolved salts could be returned to process.
Box 2 : Clean Technology Approach*
The pore water of the filter cake produced from de-watering the thickener underflows still 
contained appreciable quantities of soluble manganese, sulphate and ammonia. The return of 
those materials back into the process would improve the efficiency of the process and 
simultaneously reduce the cost and risk of waste disposal.
X It is fair to say that this is a clean technology with a small c. For example, one might exam ine further back into the 
process and decide that m anganese was only wasted within the pore water because of iron and silica impurities 
within the starting ore material. Hence investigating methods to remove the bulk of these impurities before the 
material becomes hazardous (after m anganese reduction and leaching in sulphuric acid) could be deem ed more 
appropriate. However, M M C were unwilling to sanction such a radical and speculative investigation, which would 
probably require significant capital investment.
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The report therefore sought to demonstrate the economic and environmental benefit of such a 
clean technology approach and was structured into 3 main sections. The first examined the 
relationship between lime consumption within the inerting process and the impact of various 
methods of reducing this consumption. The second section examined the general 
environmental risks of depositing lime-stabilised material within a landfill. In the final section, 
the possible integration of the waste management activities and the site infrastructure were 
considered.
III.2.1 LIME ADDITION VS. MANGANESE CONTENT
From data available from MMC, RPA established that the bulk of the lime consumption in the 
inerting process was associated with the filtrate within the filter cake. Three recommendations 
to reduce the lime consumption were proposed:
• Improved filtration efficiency for materials taken from the EIMn circuit (beyond even the 
filtration efficiencies MMC had investigated at the pilot plant stage);
• Use of water to recover the dissolved salts within the pore water of the filter cake;
• Inerting the material to a much lower pH. The test work thus far had added large 
quantities of lime that resulted in a strongly alkaline final material (pH>12). RPA 
postulated that this quantity far exceeded the total required for the precipitation of the 
various metal species (particularly manganese) from solution. If the pH could be 
reduced to pH 9.5 (the pH required for 99% manganese precipitation from aqueous 
solutions17) then 50% less lime would be needed in the residue inerting process.
In the first two instances the lower total manganese processed through the inerting process 
resulted in a win-win-win scenario: lower quantities of lime required to precipitate manganese 
in solution; higher manganese metal yield per unit of reagent materials and starting ore; and 
less total material sent to landfill. Whilst the installation of higher efficiency filtration equipment 
would have little impact on MMC’s existing operations, the use of wash water would 
necessitate a degree of process integration, particularly in relation to the water balance of the 
site.
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Box 3 - Reflexive Finding o f Clean Technology Approach
In MMC’s previous test work a pressure filter press proved to be considerably more economic 
than the existing belt filter - smaller quantities of lime for residue inerting were required than 
could be predicted from a higher de-watering efficiency alone. On the basis of that finding 
MMC were committed to replacing the existing belt press with a filter press.
Although never formally recorded, the filter press unit used in the pilot plant work had the 
facility to process wash water through retained filter cake at the end of a filtration cycle, thus 
lowering the salts concentration of the pore water within the final filter cake material. 
Therefore the reduction in lime consumption could be accounted for by a lower mass of pore 
water (due to higher filtration capacities) and reduced solution concentration (due to wash 
water applied to the cake at the end of the filtration cycle).
As a result of a systematic examination of the waste material and the predicted chemistry of 
adding lime to such materials, MMC were forced to re-evaluate the decision to replace the 
existing belt filter press.
111.2.2 LANDFILL SITE
As part of the waste management review, RPA examined the landfill site and the implications 
of disposing the waste material as lime inerted pebbles. At this stage, the teachability tests 
carried out on the lime inerted material suggested that teaching of manganese from the 
residue material was not a concern. The manganese was initially precipitated as the metal 
hydroxide, and this metal hydroxide was known to naturally oxidise at room temperature into 
higher oxidation states3 - i.e. back to its oxidation state within the original ore. Following this 
type of logic RPA concluded that the risk of Mn teaching from any final landfill was small.p
However, three key areas of concern were highlighted:
• Emissions o f ammonia to atmosphere and within the collected leachate.
The leach tests undertaken on lime inerted residue demonstrated that 50% of the 
ammonia originally present in the waste materials before inerting was teachable.
P This statem ent regarding manganese stability was later found to be invalid - see sections IV, V  and appendix D  
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A mixture of carbonic and nitric acid was used to represent acid rain as the leach 
medium.
Ammonia releases to the environment are controlled, although they do not form part of the 
framework for hazardous waste landfill classification in South Africa. Ammonia is toxic to 
fish and other aquatic life18. In the case of an ammonia containing leachate received by a 
sewage works, the acceptable quantity and concentration of the ammonia received is 
dependant upon the sewage works nitrification / de-nitrification capacity. The 
concentration of ammonia releases direct into a watercourse would be very low (typically 
< 5mg/l) on the basis of its toxicity to aquatic life.
Within the inerting process ammonia would be released to atmosphere as a result of the 
highly alkaline conditions associated with large lime additions (typically 15wt% of filter 
cake material produced). Ammonia releases to atmosphere are considered a pollutant 
with health and environmental implications6. In the UK exposure to gaseous ammonia is 
limited to 30mg/m312. Ammonia release to atmosphere during transport and at the landfill 
site were considered likely, since the ammonia gas would eventually diffuse out from the 
granular structure of the inerted material.
e The large quantity o f water soluble calcium sulphate present in the final 
produced material would necessitate special considerations regarding sulphate 
corrosion in concrete structures; precipitation o f carbonate within collection 
systems; and landfill subsidence.
Sulphate is originally present in the pore water of the residue filter cake material as either 
manganese sulphate or ammonium sulphate. By adding lime to the residue materials the 
sulphates will become gypsum (the dihydrate form of calcium sulphate).
Analysis of lime inerted MMC residue showed that the major component present (50%) 
was calcium sulphate (as gypsum). Gypsum has a low but significant solubility in water 
and hence if water comes into contact with gypsum-inerted material then the gypsum will 
dissolve away once exposed to sufficient quantities of water.
Whilst there is sufficient calcium in the leachate collected from the landfill, the sulphate 
would not pose too serious a concern to concrete drainage systems.
8 Ammonia is emitted naturally in biological decay and from animal excrement (considered the largest source). 
Ammonia is resident in the atmosphere for two days where ozone in the air naturally oxidises ammonia. Aerosols of 
ammonium salts form in acidic conditions and these are important constituents of smog formation11.
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However, over time carbon dioxide present in the atmosphere would form calcium 
carbonate precipitates, thus removing soluble calcium from solution, leaving concrete 
structures exposed to sulphate attack. In addition, the deposited calcium carbonate 
material could potentially block the drainage systems.
A final concern was the very real risk of subsidence within the landfill, given that gypsum 
(50% of the material placed within the landfill) is ultimately water-soluble. Safety issues 
were identified associated with operating heavy plant and machinery on the landfill 
surface, as well as the integrity of any landfill capping and other environmental protection 
installed on top of the landfill.
• Leachate generated would be strongly alkaline.
Large quantities of lime were to be added to the residue material within the inerting process 
(15wt%). It was therefore anticipated that considerable quantities of un reacted lime would 
be present in the final material sent to landfill. Whilst the rain falling on the landfill site 
would be acidic, the leachate generated from the landfill would be alkaline. Therefore it 
would be likely that some form of pH correction would be necessary prior to discharging the 
leachate to watercourse or sewer.
The Waste Management Review Document suggested different (“end of leachate collection 
pipe”) techniques to treat the leachate generated from the site". However more fundamental 
improvements were identified, which could be introduced by examining the inerting process as 
follows:
(i) Introducing lower quantities o f ammonia and gypsum into the landfill by a 
combination of:
■ Improved de-watering techniques;
■ Utilising cake washing techniques; and
■ Removing ammonia during the inerting process and recycling the recovered 
ammonia back into the main process.
a  for exam ple as a source of nitrogen for crops grown close to the proposed landfill site. 
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(ii) Reducing the con tac t between the inerted  m ateria l and ra in fa ll by :
■ Producing an inerted material that was less likely to leach by virtue of 
containing less water soluble components and having an increased resistance 
to flow through the material.
■ Producing cast blocks rather than a granular material. These cast blocks 
could therefore be arranged such that rain falling on the site is diverted away 
from the solidified material rather than through it, thus lowering the surface 
area for leaching to take place; and
■ Utilising cement to provide an alternative means of binding MMC’s residues 
that should afford improved resistance to leaching and would produce a 
medium that is not soluble in water.
111.2.3 SITE INTEGRATION
The different aspects of the waste management review all pointed to a more integrated 
approach to the waste generation. Starting with the clean technology approach of recycling 
material within the existing production process, other benefits, both environmental and 
economic, would follow. These benefits include: lower reagent costs at the production and 
inerting process; improved manganese metal yield per unit of ore; lower quantities of material 
to be disposed of to landfill; and reduced risk of “knock-on” environmental problems at the 
landfill.
MMC has the facility to evaporate liquors within the MVR plant already on-site, therefore 
washings from filter cake materials could be returned back to process without affecting the 
concentration of the EIMn circuit. MMC were planning to upgrade the existing effluent plantp 
and RPA suggested that the upgrade should not be taken until the inerting plant design was 
complete. There were two reasons for this - firstly lime was a reagent required of both 
activities, and secondly the effluent feed could become the source of wash water for the return 
of material within the inerting process.
The approach to waste management, taken by MMC to this point, could be described as “fire 
fighting”, in which individual problems were solved in isolation without stepping back and 
taking a view on the bigger picture. Hence an MVR plant was built to return PQS into the 
EIMn circuit; an inerting plant was designed to deal with the residue material as generated; the 
landfill site was designed to accept “ inert” material; and an effluent plant was to be upgraded 
to facilitate the expanding site water consumption.
P W aste m anagem ent activity 1 identified at the beginning of section II. 
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The aim of the waste management review was to deal with each of the component parts in 
isolation but always putting the consequences of individual activities into the context of the 
wider problem. For example, by returning soluble salts back into the process the cost and 
risks associated with the final material sent to landfill would be reduced. By using washing 
techniques to return these soluble salts, expensive filtration equipment could be avoided. 
Furthermore washing techniques to return these soluble salts could use the effluent plant feed 
as the source of wash water.
In the previous inerting plant concept (lime addition to filtered residues), burdens were simply 
shifted from one medium to another. For example ammonia, originally present as ammonium 
sulphate, would eventually become an odour nuisance or human health risk at either the 
operating site or the landfill, with the remaining ammonia likely to become an environmental 
hazard to any receiving watercourse. An alternative approach that focussed on the clean 
technology principle of material re-use and recycling was considered more appropriate.
111.3 RESPONSE FROM MMC REGARDING WASTE MANAGEMENT REVIEW
One of the first comments from MMC was “where is the improved inerting plant design we paid 
for?” This initial reaction should be taken in the context of the 24 months MMC had spent 
devising a strategy, carrying out a laboratory test programme and building a pilot plant. 
MMC’s perception was that the material produced by lime addition was classified as general 
waste, so why had RPA not concentrated on improving the batch mixing plant design?
RPA were able to quantify the benefits of the clean technology approach with reference to 
savings in operating costs at the inerting plant and savings in manganese metal production 
costs. The potential savings available persuaded MMC to re-examine the inerting process 
starting with a reformulated laboratory test programme.
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Box 4 - Perspective on Clean Technology Uptake
In a survey of corporate environmental managers carried out by Christie et al35, the top five 
influences identified for investing in environmental management and cleaner technologies 
were: (1) compliance with regulation; (2) financial benefits; (3) customer pressure; (4) 
contribution to competitiveness; and (5) environmental responsibility as part of the companies 
values.
In this instance MMC’s decision to examine the waste issues of the site was driven by 
regulatory pressure that prevented them from continuing their existing landfill disposal practice 
indefinitely. The company’s decision to examine the clean technology route through a 
laboratory test programme was driven by a perceived financial benefit. The company was not 
acted upon by influences such as customer pressure, public relations or through the core 
values of the Samancor Group (who own MMC).
MMC then carried out a series of laboratory scale tests to examine the issues outlined in the 
waste management review - namely inerting at a lower pH whilst using wash water to reduce 
the pore water concentration of manganese, sulphate and ammonia. MMC’s test programme 
did not investigate the use of cement to replace gypsum as the binding medium. The leach 
tests5 showed very high levels of soluble manganese (>500ppm) sufficient for the material to 
remain classified as a hazardous material. Previously, the Manganese within the leach 
solution tests was recorded at 0.01 ppm for lime-only inerted residues. Having washed the 
cake prior to adding lime then the likely aqueous Mn content (as M nS04) of the sample should 
have been very low. At the time RPA (this RE), hypothesised that the soluble manganese 
originated from unreduced metal ore present in the residue solids.
The original understanding of the inerting of soluble manganese is that it proceeded by the 
following mechanism: manganese is initially precipitated as the metal hydroxide and this metal 
hydroxide naturally oxidises into stable oxides (Mn (III) and (IV)); at those stable oxidation 
states, manganese should not form aqueous species, even under acidic conditions. Following 
this type of logic, RPA originally concluded that the risk of Manganese (Mn) leaching from any 
final landfill was small. The results of MMC’s test work with washed filter cake residue 
samples threw up a possible different set of mechanisms in which the risk of manganese 
leachability from inerted residue materials became a concern:
8 Leach tests refer to the TCLP test (Toxicity Characteristic Leach Procedure) developed by the US Environmental 
Protection Agency to measure the risk posed by a substance to groundwater.
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(i) The natural oxidation of Mn(ll) to more stable oxide forms had not proceeded, either in 
the time frame between adding lime and carrying out the leach tests, or the oxidation 
step had been prevented by the available Mn being sealed away from oxygen beneath 
a gypsum crystal structure.
(ii) Supersaturation of the solution was preventing the manganese precipitating as 
manganese hydroxide. As lime was added it reacted with the sulphates in solution to 
produce gypsum and for every mole of gypsum that precipitates, 2 moles of water will 
be removed from solution (since gypsum is the dihydrate of calcium sulphate). When 
this gypsum is dissolved, the manganese is released into solution.
(iii) If considerable excess of hydroxide ions were available then any manganese in 
solution would immediately precipitate as the hydroxide - hence during a leach test 
where excess hydroxide was present, soluble manganese would not be detected. In 
reality (within a landfill) the excess hydroxide will be used up, either by reaction with 
nitric and sulphuric acid components of acid rain or by reaction to the carbonate formed 
by the action of atmospheric carbon dioxide. Excess lime will therefore only delay the 
inevitable release of Mn into the landfill leachate.
(iv) Leachable manganese on the surface of filter cake solid particles was afforded 
temporary protection by virtue of an eventually soluble gypsum surface “coating”.
With hindsight, the obvious explanation for the unsuccessful residue inerting of washed 
residue materials with lower quantities of lime addition was the reduced neutralisation capacity 
of the inerted material within the acidic leach test. Under very alkaline leach test conditions, 
the manganese would simply remain as a manganese hydroxide precipitate. This finding only 
became apparent during later laboratory test work. However, at the time it was thought that 
gypsum was providing the means to pass the leach test. Gypsum’s solubility in water ensured 
that this could not be considered a long-term solution. Therefore, unless the inerted material 
could be kept dry in the landfill, then the leachate produced would contain high levels of 
manganese (plus ammonia) despite passing the leach test.
RPA’s approach remained focussed on the minimisation of calcium sulphate entering the 
landfill, by removing much of the sulphate that is present in solution within the filter cake pore 
water prior to any inerting process. This would also remove much of the dissolved 
manganese and ammonia from the input to the inerting process. Cement could be utilised as 
an alternative binding agent within the final material. The concrete structure formed would not 
be water soluble, thereby reducing the risk of both subsidence and gypsum scaling within the 
landfill. The cemented material would also seek to reduce the contact between rainfall and 
landfilled MMC residues, thus reducing the tendency for leaching.
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IV. LABORATORY TEST PROGRAMME
Following the waste management review, MMC were sufficiently sceptical of the long-term 
viability of lime-only residue inerting. However, the perceived economic benefit associated 
with returning soluble components within waste materials back into the process provided the 
impetus to begin a new laboratory investigation to determine a suitable inerting process. RPA 
(this RE) were commissioned to structure a laboratory test programme to investigate methods 
of successfully inerting MMC’s residues within the framework of manganese return to process. 
Given the concerns over manganese solubility in TCLP tests, one area of research examined 
the conditions necessary for manganese oxidation to higher oxidation states prior to 
encapsulation within a cement-based matrix.
The laboratory programme as specified by RPA (this RE) is included within the portfolio as a 
separate appendix (appendix A). However, unless specific cross-reference for laboratory 
procedures is required, then consulting this document is unlikely to be necessary. MMC staff 
completed the programme that was structured into five main areas of investigation:
Manganese O xidation - using a manganese and ammonium sulphate solution, the effects of 
air contact and chemical oxidation at different pH conditions were investigated. The resultant 
materials were subjected to a TCLP leach test to evaluate the soluble manganese content. 
The investigation would determine the need or otherwise for a dedicated oxidation step within 
an inerting process.
Reagent Consum ption vs. Cake W ashing - alkali addition to precipitate manganese from 
solution would be a necessary element of any option involving residue disposal to landfill. 
Manganese in solution precipitates under alkaline conditions and lime provides the most 
economic alkali source. It was necessary to demonstrate experimentally the relationship 
between different cake washing efficiencies and alkali addition.
Cement Use - if sulphate and other soluble components were to be recovered, then cement 
would be required to act as a substitute binder for calcium sulphate within the final inerted 
residue material. The laboratory test program would examine the effect of cement within a 
solidification matrix whilst monitoring the leachability and structural strength.
Pozzolanic Properties - the use of pozzolan materials to reduce the permeability of cement 
matrix structures has been well documented19. Therefore the use of such materials would be 
investigated with respect to the leachability of manganese from a cement matrix. The test 
program would investigate the potential benefit of utilising either locally or commercially 
available pozzolanic materials.
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IV. 1 MANGANESE OXIDATION
IV. 1.1 AIM & OBJECTIVE
To determine whether or not manganese can be oxidised to offer resistance to acidic leach 
conditions.
The tests examined different oxidation techniques at a range of alkaline oxidation conditions. 
Sodium hydroxide solution (caustic) was used as the means by which the solution pH varied 
thus avoiding the formation of sulphate precipitates. The experimental procedure required that 
a standard manganese and ammonium sulphate solution would be oxidised using air or 
hydrogen peroxide (+ferric) at different pH values. The resulting mixture was then subjected to 
a TCLP acid solution (at 20 times the mass of sample) prior to analysing for the manganese 
and ammonium content of the resultant solution.
IV. 1.2 RESULTS
The results for the mechanical aeration of manganese and ammonium sulphate solutions at 
different oxidation pH conditions only are reproduced below*.
Table 7 - Results of manganese oxidation using air
Description Mixture Addition (grams) TCLP Test Values
Raw
Solution
Air Caustic 
(10% soin)
Mn
mg/l
NH3 as N 
mg/l
pH
TCLP
Solution as received 300 315 0 112 86 4.71
Oxidised @ pH 7 300 315 0 125 90 4.86
Oxidised @ pH 9 300 315 5.96 101 82 4.97
Oxidised @ pH 11 300 315 32.01 57 50 4.95
Oxidised @ pH 12 300 315 35.32 59 49 5.05
>  The starting solution used in the oxidation experiments had a manganese concentration of 
2600 mg/l and an ammonium concentration of 2400mg/l. Given the 1 in 20 dilution within 
the TCLP procedure, zero ammonia removal should correspond to a final TCLP value of 
120mg/l, whilst 130mg/l would represent zero manganese leach resistance.
a  The results of oxidation by chemical addition are not reproduced. However, marginally lower m anganese  
concentrations in the TCLP test were observed for the tests utilising chemical oxidants at high pH conditions. 
Chemical oxidation would later be ruled out on economic grounds.
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> Final ammonia levels varied between 50 and 90 mg/l. The greater ammonia removal 
efficiencies were achieved at the more alkaline conditions -  not unexpected given the free 
ammonia-ammonium solution equilibrium. It would appear however, that the method of 
ammonia removal used in the test work was not particularly efficient. This poor ammonia 
removal was considered indicative of poor oxygen transfer and therefore poor manganese 
oxidation.
>  At natural and slightly alkaline conditions no manganese precipitation as the hydroxide 
took place. Oxidation of soluble manganese would be insufficient to provide resistance to 
the TCLP test solution at these pH conditions.
>  At highly alkaline conditions, manganese oxidation was taking place to a level whereby up 
to 50% of the manganese content was oxidised through to a form that is resistant to the 
TCLP leach solution. The pH of the resulting TCLP leached material was pH 5.
Box 5 - Significance o f Manganese Oxidation
Adding alkali to manganese to form the hydroxide (Mn(OH)2) was a previously established 
mechanism for interting MMC’s residues. Over time this hydroxide will oxidise to form the 
more stable oxides (III and IV oxidation states).
There seemed a clear benefit in oxidising the waste materials prior to their eventual disposal 
to landfill. Furthermore, by aerating the material prior to stabilisation, the ammonia of the 
waste can be removed and recovered for reuse within the production process.
IV.2 REAGENT CONSUMPTION FOR DIFFERENT WASH EFFICIENCIES
IV.2.1 AIM & OBJECTIVE
To determine by experiment the different reagent consumption requirements to raise the pH of 
MMC’s residue material at different wash efficiencies and thereby quantify the benefit of 
soluble salts recovery through cake washing techniques.
A sample representing a combination of the solid waste streams generated at the site was 
prepared and filtered to yield a belt filter press equivalent cake material (i.e. 55wt% solid). 
This filter cake material was labelled sample A1 and represents zero wash efficiency. 
Samples A2 through to A4 represent a range of wash efficiencies dependant upon the volume 
of wash water used and the source of the wash water -  potable or raw effluent.
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Sample A2 was filter-cake residue re-slurried with a volume of raw effluent equivalent to the 
pore water volume of the starting filter cake. The resultant material was then re-filtered to 
produce a filter cake material of identical pore water content. Samples A3 and A4 took this 
repeat washing and re-filtering technique through five cycles using respectively raw effluent or 
potable water.
IV.2.2 RESULTS
The analyses of the pore water content of the final filter cake samples A1 through to A4 are 
reproduced in table 8 below.
Table 8 -  Analysis of residue samples generated from cake washing simulations
Sample Filter cake(p Pore Water Analysis Filter cake
Moisture
(wt%)
‘Pore Water’ 
(wt%)
[Mn]
mg/l
[NH4-N]
mg/l
[Ca]
mg/l
[S 04]
mg/l
[Mg]
mg/l
s.g.
t/m3
A1 38% 45.4% 26 124 23 969 1 025 149 632 10 350 1.15
A2 41% 45.5% 13 961 15 230 700 87 539 5 575 1.09
A3 45% 45.4% 728 909 407 6 700 457 1.00
A4 45% 45.2% 318 140 432 2 895 140 1.00
The raw effluent utilised to wash samples A2 and A3 is characterised as follows:
Mn 700mg/l NH4-N 900mg/l S 0 4 6000mg/l
Taking the samples A1 through A4 the quantities of lime required to raise the mixture to a 
given pH were recorded.
Table 9 -  Lime additions for different residue samples
Description Mixture Addition Required (grams)
Residue
Sample
Lime (CaO) Mixing
WaterTo pH 7 To pH 9 to pH 11 to pH 12
Sample A1 1000 0 76 157.7 180.5 500
Sample A2 1000 0 24.7 63.65 71.3 500
Sample A3 1000 0 3.8 13.3 19.95 500
Sample A4 1000 0 2.66 11.4 18.05 500
Mixing Water 500 0 0.02 0.3 1.02
(P During this stage of the experimental programme, only the de-watering efficiency achievable within the site’s 
existing vacuum belt filter press was modelled. Due to the high variation in dissolved salts content of the filtrate, the 
pore water content and not the moisture content was used to characterise the material. The pore w ater content was  
calculated by correcting the moisture content value on the basis of the filtrate analysis for soluble salts. In this 
m anner reproducible filtration efficiencies from a belt filter press were achieved (i.e. 55%  solids and 45%  “pore 
w ater”).
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Washing the residue materials lowers the soluble salts content of the pore water and lowers 
the quantity of lime required raising the pH of the resultant material. The soluble salts 
component of the residue material represents the bulk of the alkali consumption figure.
IV.3 CEMENTAS THE BINDING MEDIUM
IV.3.1 AIM & OBJECTIVE
To examine the leach resistance of solidified residue material samples representing different 
soluble manganese and sulphate removal within cement based solidification matrices.
Variables investigated included the degree of soluble component removal from the waste 
residue material, the pH conditions under which the solidification mixes were produced and 
different levels of cement addition. The different residue materials were mechanically aerated 
at the specified pH conditions prior to cement addition.
IV.3.2 RESULTS
Table 10 - Leach results from cement based inerting process
Description of Test
Sample / inerting pH / cement"
Oxidant TCLP after 7 days (mg/l)
Mn Ni n h 3 pH
Sample A1 pH 9, 10wt% OPC AIR 98 <0.13 166 8.9
Sample A2, pH 7, 10wt% OPC AIR 929 1.9 280 5.4
Sample A2, pH 9, 5wt% OPC AIR 902 1.8 222 5.6
Sample A2 pH 9, 10wt% OPC AIR 748 1.3 183 6.6
Sample A2 pH 9, 15wt% OPC AIR 404 0.48 145 7.6
Sample A2 pH 11, 10wt% OPC AIR 196 <0.13 48 7.5
Sample A3, pH 7, 10wt% OPC AIR 754 1.6 73 5.4
Sample A3, pH 9, 5wt% OPC AIR 818 1.7 73 5
Sample A3 pH 9, 10wt% OPC AIR 787 1.7 60 5.4
Sample A3 pH 9, 15wt% OPC AIR 526 1.4 55 6.2
Sample A3 pH 11, 10wt% OPC AIR 641 1.5 40 5.8
In all the various tests, significant levels of manganese were apparent in the TCLP test 
solution.
a  Note the ordinary portland cement (O PC) added is specified as weight percent of the total dry content of the 
residue material after lime addition.
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In this respect none of the formulations tried represented a suitable mix for generating an inert 
waste material suitable for disposal as general waste. However, the matrix of tests carried out 
identified a number of trends:
>  Given the high levels of Mn seen, it would be reasonable to deduce that Mn was not being 
oxidised in the aeration step into leach resistant oxidation states. The manganese was 
likely to be in the Mn(ll) oxidation state - probably as the hydroxide.
>  The lower manganese concentrations in TCLP solutions were associated with the highest 
TCLP solution pH (within the recorded range of final pH values of from pH 5 to pH 8.9). At 
more alkaline conditions greater quantities of manganese would remain as manganese 
hydroxide precipitates - a relationship exists between manganese metal hydroxide 
solubility and solution pH23,30.
>  The more concentrated residue samples13 (samples A1 and A2) appear to offer the best 
leach resistance. This could be attributed to the formation of gypsum and possible 
encapsulation of soluble Mn. However, the more likely explanation relates to the 
quantities of calcium oxide required to reach the required pH conditions within the 
solidification experiment: larger alkali additions were neutralising the TCLP leach solution. 
Figure 2 below plots the manganese concentration in the TCLP solution (after 20 hours 
under leach conditions) against the final pH of the TCLP solution*.
Figure 2 - Manganese solubility vs. TCLP pH
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P i.e. those samples containing higher initial soluble salts contents after washing the filter cake samples.
X the TC LP  test solution used in this set of experiments was a glacial acetic acid solution at a starting pH of 2.9 .
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> The greater the cement content, the greater the resistance to manganese leaching within 
the TCLP test. This could be accounted for by virtue of a less permeable final material or 
a reflection of the greater free lime released during the cement setting reaction19 -  
neutralising the TCLP leach solution.
IV.4 EXAMINE THE BENEFIT OR OTHERWISE OF UTILISING POZZOLANIC 
MATERIALS
IV.4.1 AIM & OBJECTIVE
Establish any improvement in leach resistance within a TCLP test for solidification mixes 
utilising pozzolanic materials.
Samples were tested for their cementitious potential in standard sand mixes “spiked” with a 
manganese sulphate solution. Prior to the test it was hoped that the pozzolanic properties of 
the materials tested would ensure that the final product material would exhibit a lower 
permeability. The reduction in permeability should correspond to a lower manganese 
concentration within a TCLP leach test". The experiments did not seek to oxidise the 
manganese solution but rather keep the manganese in a Mn(ll) oxidation state.
IV.4.2 RESULTS
Table 11 - Pozzolanic mixes and their leach resistance
Description Solidification Mix Ingredients (grams)1? UCS 28 
day
TCLP @ 28 days
OPC/Pozzolan/Lime Sand / MnS04 / 
Water
Mn (mg/l) pH
Cement only 90 / 0 / 0 647 / 3.23 / 39.5 74 MPa 1.15 7.6
Cement + pozzolan #1$ 72 / 1 8 / 0 647 / 3.23 / 39.5 46 MPa 5.32 5.45
Lime + pozzolan #1 0 / 1 8  / 72 647 / 3.23 / 
39.5
N/A 0.77 11.3
6
Cement + pozzolan 
#2Y
4 5 / 9 0 / 0 647 / 3.23 / 
68.7
58
Mpa
27.9 5.12
Lime + pozzolan #2 0 / 9 0 / 4 5 647 / 3.23 / 
68.7
N/A 29.9 5.27
01 However much of this benefit would be negated by the crushing step (< a particle size of 9.5m m ) prior to the 20  
hours acid leach that froms part of the standard TC LP procedure.
(P The sand /  cement /  water additions are based on standard recommended ratios for concrete19 
5 Pozzolan #1 corresponds to Meta Kaolin supplied by English China Clay32 
Y Pozzolan #2  corresponds to locally sourced blast furnace slag material
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> The manganese sulphate solution used was 35% M nS04 hence 30mg/l Mn within the 
TCLP solution would correspond to all of the starting manganese added being leached out 
of the solidified material.
>  Pozzolanic materials convert free lime produced by the cement setting reaction into further 
concrete type materials. This reduction in free lime content reduces the neutralising 
capability of the solidification product within the TCLP test. A clear correlation exists 
between leachable manganese and the pH of the leach conditions.
>  Pozzolan #1 may offer a tighter pore structure than pozzolan #2 and thus a marginally 
improved leach resistance for almost identical leach conditions (pH 5).
Box 7 -  Use o f Pozzolanic Materials
Utilising pozzolanic materials to inert MMC’s residues was not appropriate in terms of passing 
the TCLP Test. However, the benefit of reduced leaching rate (as a result of reduced porosity 
and permeability) may become of use to reduce the mobility of leach products in the final 
landfill.
IV.5 SUMMARY OF EXPERIMENTAL INVESTIGATION
The laboratory test programme to was devised to investigate methods of successfully inerting 
MMC’s residues within the framework of manganese return to process. In the event none of 
the materials subjected to the TCLP leaching test were demonstrably inert. However, in the 
instance when manganese had not been allowed to oxidise through to stable oxidation states, 
it was clear that passing the TCLP was, for the most part, a function of the pH of the final 
TCLP test solution. Washed cake samples remain the most cost effective way of achieving 
this since they avoid wasting alkali (lime) in the formation of manganese hydroxide and 
gypsum.
MMC had already demonstrated that their residues would pass the TCLP without resorting to 
cake washing. It was reasonable to hypothesise that this was a direct result of excess lime 
neutralising the TCLP test solution, although no specific data was available on the pH 
conditions during those leach tests. From the oxidation work carried out it was clear that 
manganese could be oxidised through to higher oxidation states that would resist much lower 
TCLP test pH conditions (pH 5). This oxidation process is most effective at high pH which 
fortuitously also corresponds to the conditions required to remove ammonia from the residue 
material.
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IV. 5.1 EXPERIMENTAL MIXES TO PASS THE TCLP
The laboratory programme now focussed on experimental solidification formulations that 
would demonstrate sufficiently low leachable manganese for the material to be considered 
non-hazardous.
Washed cake samples A2 and A3 were subjected to a number of tests. Firstly, the samples 
were re-pulped and aerated vigorously (for 3 hours) at a pH of 12. The resultant slurries were 
then de-watered to belt filter cake equivalent material. The cake samples were added in a 
1:20 mass ratio into the TCLP leach solution. Lime was added to raise the pH of this mixture 
to desired set points (pH 7,10,12) within the TCLP test. After 3 hours of mixing, the resultant 
materials were filtered and analysed for soluble manganese content.
Samples of aerated residue were separately combined with cement and the quantity of lime 
identified to neutralise the TCLP solution to different pH conditions. These mixes were 
allowed to set for 7 days prior to being subjected to the standard TCLP test leach procedure 
requiring a 20-hour leach duration.
Unfortunately confusion in experimental procedure resulted in the introduction of a number of 
errors, which make comparison with the work carried out prior to this difficult. The errors 
included the use of fresh residue samples to generate new sample A2 and sample A3 for 
which the pore water-soluble salts analysis was not recorded, and the introduction of a lower 
aeration rate in the oxidation and ammonia removal step. To further complicate matters a less 
acidic TCLP test solution was used to characterise the quantity of lime required to achieve the 
desired pH condition within the TCLP test. The leaching solution actually used in the 
cemented residue test work was more acidic.
IV. 5.2 RESULTS
>  The different residue samples required different quantities of lime (as CaO) for the 
aeration stage at pH 12. Sample A2 required 6.7wt% whereas sample A3 needed 1.8wt% 
of the total sample (a 55% solid filter cake material).
>  The quantity of lime required to effectively neutralise the TCLP test solution was 
approximately 3wt% of the residue sample weight for pH 12 and 1.4wt% of the residue 
sample weight for pH 10, irrespective of the starting residue sample used -  since both 
samples would have already been at pH 12 following the aeration stage.
>  The leaching results from the experiments are recorded below in table 12:
MANGANESE RESIDUE STABILISATION 217
ENGD PORTFOLIO P J RUTTER
Table 12- Experimental mixes to pass the TCLP
Description of Test9 Lime only experiment Cement + Lime experiment
TCLP (3hrs) PH TCLP (20 hrs) pH
Sample A2: target TCLP pH7 2.88 mg/l Mn 11.13 <0.1 mg/l Mn N/A
Sample A2: target TCLP pH10 4.34 mg/l Mn 11.27 0.1 mg/l Mn 10.13
Sample A2: target TCLP pH 12 1.37 mg/l Mn 12.03 0.13 mg/l Mn 10.71
Sample A3: target TCLP pH7 17.4 mg/l Mn 8.57 0.08 mg/l Mn 9.85
Sample A3: target TCLP pH 10 2.82 mg/l Mn 9.77 0.14 mg/l Mn 10.39
Sample A3: target TCLP pH 12 1.30 mg/l Mn 11.7 <0.05 mg/l Mn 11.08
Box 8 -  Formulations that Ensure the Solidified Product is Inert
By ensuring that alkaline conditions exist within the TCLP test, the leachable manganese level 
for solidified materials becomes 0.1 mg/l. At this level, the material would be sufficiently inert to 
be classified as general waste (see section VI for further comment and detail).
For similar pH conditions within the TCLP leach, cement bound materials offer an approximate 
tenfold improvement in leach resistance to pH adjusted TCLP test solutions.
There was no difference evident in the TCLP test between the two starting residue wash 
materials. This was expected given that the residue material would have already been at pH 
12 for the ammonia stripping and manganese oxidation stage.
No definitive significance can be assigned to the importance of the manganese oxidation, a 
step that should reduce the need for strongly alkaline conditions within the TCLP, due to 
experimental errors introduced in aeration times.
IV. 6 MANGANESE OXIDA TION
One of the features to arise from the test programme was the belief that precipitated 
manganese, as manganese (II) hydroxide, needed to be oxidised (aerated) prior to 
solidification. MMC strongly questioned this belief and maintained that manganese hydroxide 
would oxidise without the need for a dedicated oxidation step.
0 All mixes had been previously pH corrected to pH 12 through lime addition and aerated to remove am monia and 
increase the chance of manganese oxidation.
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Inorganic chemistry texts reveal the following:
The product o f high temperature combination o f Manganese with oxygen is Mn30 4 and is 
formulated as a mixture o f the II and III states3. Mn(IV) does not have an extensive chemistry 
although black M n02 is well known and is a common precipitate from manganese compounds 
in an oxidising medium. M n02 is very insoluble and usually only dissolves with reduction, as 
in its reaction with HCI. Mn (II) oxides are very stable when dry but the hydrated forms slowly 
oxidise to M n02 in air. Manganese hydroxide is readily oxidised in air3.
In order to ascertain whether or not the oxidation state of the manganese was an important 
requirement, MMC undertook some leaching trials with manganese materials at different 
known oxidation states (see table 13 below):
Table 13 - Manganese leachability in TCLP solutions
Material Oxidation State Mn (mg/l) 
TCLP < pH 6
Mn (mg/l) 
TCLP pH8-10
Mn (mg/l) 
TCLP pH  > 12
Manganese Ore (Raw) III & IV 1.5 0.2 <0.01
EMD (Mn02) IV 1.2 1.0 <0.01
Manganese Ore (Reduced) II N/R 2200 <0.01
EIMn Residue + Lime II (estimated) > 1000 10-100 < 0.01
The leaching results for all the residues at the different oxidation states show that at a TCLP 
pH of above pH 12, all the leachable manganese is below detection. However at lower pH 
levels in the TCLP there is a considerable variability of solubility across the different oxidation 
states. As a general trend, the higher the oxidation state the greater the resistance to 
manganese leachability under acidic conditions. Thus oxidising the waste manganese 
material to a higher oxidation state should reduce the need for reagent alkali within a 
solidification/stabilisation process and therefore should form part of an inerting plant design 
strategy.
V. INERTING PLANT DESIGN & ECONOMIC EVALUATION
Following the completion of the laboratory test programme (section IV) and the waste 
management review (section III), applying cleaner technology approaches to MMC’s waste 
management practices can be said to demonstrate the following:
i. The use of wash water to reduce the soluble salts content of the pore water is a 
means of reducing reagent consumption within a lime-based inerting process.
MANGANESE RESIDUE STABILISATION 219
ENGD PORTFOLIO P J RUTTER
ii. Washing the residue samples returns valuable materials to the EIMn circuit: M nS04 
and (NHJgSOj, thus improving the yield of manganese metal plated per unit of ore 
and reducing reagent chemical consumption.
iii. Washing the residue samples reduces the total Mn, S 0 4 and NH3 sent to landfill, 
reducing the long-term risk.
iv. After lowering the sulphate content of the pore water a binder (e.g. cement) is 
required to provide structural strength and long term leach resistance.
v. If alkaline leach conditions are present so little manganese solubilises from residue 
material that the material can be classified inert and suitable for disposal in a 
general landfill.
vi. By oxidising manganese solutions through to more leach-stable oxidation states,
lower quantities of lime may be achievable in the inerting process while still
passing the TCLP test criteria. This oxidation seems most effective under alkaline
aeration conditions (pH 12).
vii. If air is used to oxidise manganese under alkaline conditions then ammonia will be 
stripped from the residue material and will thus be available for recovery and reuse 
within the process, further reducing the quantities of ammonia sent to landfill.
A key finding from the laboratory work was the realisation that soluble manganese is not 
detected within the TCLP test if the acid leach conditions within the test are neutralised by the 
excess hydroxide (as lime) within solidification mixes. Appendix D examines the issue of 
manganese stability within solidification processes and particularly cement-based matrices. 
The discussion is made with reference to the South African regulations covering materials 
sent to landfill -  The Minimum Requirements7.
A process concept for an inerting plant that encompasses cleaner technology principles to 
return soluble salts and ammonia back into the manganese production process is presented in 
figure 3. The remainder of this section is concerned with the economic evaluation of the
“cleaner” inerting plant concept in relation to the initially proposed end-of-pipe solution, using
the laboratory test work as a guide.
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Figure 311 - Process Concept Logic
Waste Residue Material R e c e p tio n
X a ^  
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Waste Reception
Residue materials arise from a number of different sources. Not all of these materials contain 
soluble components that are suitable for return to the EIMn circuit. Hence unsuitable material 
must be diverted past the soluble salt recovery process step. The bulk of the residue 
materials (>95%) are acceptable for salts recovery.
Return of Soluble Salts from Residue Materials
The return of valuable materials (Mn, NH3 and S 0 4) can be achieved by filtering the residues 
and returning the filtrate produced directly back to process. Filtration techniques may 
incorporate in-situ washing to allow further recovery of the soluble components within the filter 
cake. The filtrate material produced by washing filter cake with raw effluent would not be 
suitable for direct return to a saturated EIMn process circuit. Dilute filtrates would need first to 
be concentrated to a manganese concentration of 30-32 g/l. MMC have a mechanical vapour 
recompression evaporator (MVR) installed on site that could perform this function.
An alternate means of returning a concentrated salts stream back to the process utilises a 
counter current washing technique, whereby raw effluent plant water would contact a slurry of 
residue material directly from the waste reception stage (i.e. avoiding the need for filtration). 
The wash water leaving the contactor would be of comparable salt strength to the incoming 
residue material’s pore water (although it may require processing through the MVR plant to 
reach acceptable concentration levels for return to the EIMn circuit).
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Manganese Oxidation & Ammonia Recovery
The test work demonstrated that oxidising manganese (II) solutions ensured that they form 
more stable (i.e. leach resistant) oxides. This stage seeks to ensure that practical manganese 
oxidation and ammonia removal takes place by aerating a slurried residue material leaving the 
washing or filtration stage. If salts recovery takes place within a filtration device (for example a 
vacuum belt press or a tower filter press) then it would be necessary to re-slurry the cake 
material to aid efficient contact between the residue materials and air. Note that this re-slurry 
water could be provided by the filtrate produced from the final filtration stage.
The oxidation stage requires the addition of a reagent alkali (in this instance lime) to effect 
ammonia stripping and manganese oxidation. Lower alkali consumption is brought about 
through effective soluble salt removal prior to the oxidation phase.
A series of vertical spray chambers with a cross-flowing air stream was the equipment 
selected to effect ammonia stripping and manganese oxidation. To mitigate the effect of 
evaporative cooling on ammonia stripping efficiency, particularly during winter when ambient 
air temperatures drop to 5°C and zero humidity, a counter current system was proposed that 
utilises a recycled stripping air flow. Stripping air laden with ammonia would be scrubbed in a 
packed-tower utilising sulphuric acid scrubbing solution before being reused within the spray 
towers” . Recovered ammonia as ammonium sulphate could either be returned to process or 
sold on as a fertilizer.
The equipment is shown schematically below in figure 4.
a  Ammonia removal from a slurry stream would not lend itself to standard packed tower systems - given the 
potential for solids blockage. Therefore a multistage counter current spray chamber system w a s  p ro p o s e d . Pilot 
studies were initiated to quantify the mass transfer efficiency of such a system, particularly to quantify the resistance 
to mass transfer posed by the presence of the residue solids.
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Figure 4 - Ammonia Stripper /  Scrubber Tower
Stripping Scrubbing Section
Centrifugal FanLU LU
PLAN VIEW
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CROSS SECTION SCRUBBER ^R e c irc u la tio n  PumpHurry PumpCROSS SECTION STRIPPER
De-watering Stage - Oxidised slurry.
Following aeration, the mixture would need to be filtered prior to the final process stage. The 
high pH filtrate would be low in manganese and ammonia -  suitable for discharge to municipal 
sewer or as the re-slurry solution required earlier in the process (offsetting some of the alkali 
requirement of manganese oxidation and ammonia recovery).
Cement & Lime Addition
The cement and additional lime would then be added to the filter cake material using a solids 
mixing device - for instance a pug mill. Water within the pores of the filter cake (produced in 
the previous stage) would provide sufficient moisture for the cement hydration reactions.
The lime addition would be a direct function of the pH needed to pass the TCLP, governed by 
the effectiveness of the manganese oxidation stage. A 10% by dry weight cement addition 
had been used within the laboratory test programme and gave adequate compressive 
strength13.
The use of pozzolanic materials to substitute cement would become the basis for a separate
P Sufficient strength in this instance is a judgement of the compressive strength required to position the material 
within the landfill to enable vehicle movement on the material. In this instance 3 M Pa UCS was considered 
appropriate by the landfill design engineers, although other references exist which indicate that the UCS  
requirement could be as low as 0.5 M P a20.
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laboratory test programme (not reported in this portfolio). The slower setting property (and 
lower cost) of locally available pozzolanic material (fly ash from coal fired power station) would 
be exploited to produce a “wet soil” material amenable to compaction at the landfill into large 
impervious blocks.
V.1 DESIGN OPTIONS
Based on the process concept established above, various design variations were considered 
within the framework of an economic appraisal. This economic appraisal would show the 
significant economic advantages of the revised process concept in comparison with the 
previous “Lime -  only” system [a classic end-of-pipe solution] discussed in the waste 
management review (section III).
Filtration equipment already on-site consisted of vacuum belt filters (1 duty + 1 spare). 
Therefore replacing this filtration equipment with one capable of achieving higher dewatering 
efficiency was considered. The belt filter on-site is capable of achieving a 55% solids filter 
cake, whereas a vertical tower filter press (supplier Larox21) could achieve 72% solids7. Each 
filter was appraised in both possible filtration duties -  salts recovery and de-watering prior to 
cement addition. Both pieces of equipment incorporate in situ washing techniques. Therefore 
the quantity of water applied to the filter cake in the recovery of soluble salts would be 
evaluated as a variable.
As an alternative to solids filtration and in-situ cake washing, a counter current washing 
system was considered - a “raining bucket contactor”. The Raining Bucket Contactor was 
originally developed in the 1950s and consists of a single rotor operating on an axis inclined 
slightly from the horizontal axis in a static cylindrical shell. The rotor consists of 
compartments, each consisting of spaced circular baffles between which, on the periphery, 
are mounted a sequence of cylindrical buckets, the openings of which are radially oriented 
facing the direction of rotation8. As the rotor slowly rotates, the buckets cascade each phase 
through the other leading to mass transfer (see figure 5 below). Each compartment acts 
therefore as a self-contained, low turbulence mixer-settler.
Y M M C  initiated site trials with Larox using actual residue material leaving the Fe-thickeners. 
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Figure 5 - Counter Current Contactor
M ATER IAL REDACTED AT REQUEST OF UNIVERSITY
F o r  t h e  p u r p o s e s  o f  t h e  c l ie n t  e c o n o m ic  r e v ie w  R P A  c o n s id e r e d  s ix  d e s ig n  v a r ia t i o n s  t o  
a n s w e r  t h e  f o l lo w in g  q u e s t io n :  “ o f  t h e  d i f f e r e n t  f i l t r a t io n  a n d  s o l id s  w a s h in g  e q u ip m e n t  
a v a i la b le ,  w h ic h  o f f e r e d  t h e  m o s t  c o s t  e f f e c t i v e  s o lu t io n  f o r  M M C ,  w i t h  d u e  c o n s id e r a t io n  t o  t h e  
im p a c t  o f  t h e  in e r t in g  p r o c e s s  t o  M M C ’s  e x is t in g  s i te  a c t i v i t ie s  a n d  e c o n o m ie s ” . B y  w a y  o f  
c o m p a r i s o n  t h e  p r e v io u s ly  c o n c e iv e d  e n d - o f - p ip e  t r e a t m e n t  t e c h n iq u e  w a s  s u b je c t e d  t o  t h e  
s a m e  e c o n o m ic  a p p r a is a l  m e t h o d o lo g y .  T h o s e  s e v e n  d e s ig n  o p t io n s  e v a lu a t e d  w e r e  a s  
f o l lo w s :
Option 1 -  Larox-Larox ( r e f e r  to  d r a w in g s  9 8 0 1 / 4 6 8 / 1 1 1 2 9  a n d  8 1 9 7 A )
A  L a r o x  s t y le  t o w e r  f i l t e r  p r e s s  is  u t i l i s e d  t o  p e r f o r m  t h e  d u a l  f u n c t io n s  o f  d e - w a t e r in g  r a w  
p r o c e s s  r e s id u e s  [ to  r e tu r n  t h e  f i l t r a t e  b a c k  t o  t h e  e le c t r o p la t in g  c i r c u i t ]  a n d  w a s h  t h e  f i l t e r  
c a k e  m a t e r ia ls  to  f u r t h e r  r e c o v e r  v a lu a b le  m a n g a n e s e  s a l t s .  T h e  u s e  o f  w a s h  w a t e r  w o u ld  
im p a c t  o n  t h e  t o ta l  f i l t r a t io n  t im e ,  s u c h  t h a t  f o r  a  g iv e n  t h r o u g h p u t  o f  s o l id s  p r o c e s s e d  [ a t  a  
f i x e d  s o l id s  c o n t e n t ] ,  l a r g e r  f i l t r a t io n  u n i t s  w i l l  b e  n e c e s s a r y  t h a n  w o u ld  o t h e r w is e  b e  t h e  c a s e  
[ f o r  a  s t r a ig h t f o r w a r d  d e - w a te r in g  a p p l i c a t io n ] ;  t h e  L a r o x  f i l t e r p r e s s  o p e r a t e s  in  a  b a t c h  w is e  
m o d e  a n d  lo n g e r  f i l t r a t io n  c y c le  t im e s  d i r e c t l y  e q u a t e  t o  l a r g e r  f i l t r a t io n  u n i t  s iz e s .
A f t e r  w a s h in g ,  t h e  c a k e  w o u ld  b e  d is c h a r g e d  a u t o m a t i c a l l y  t o  t h e  o x id a t io n  s t a g e .  H e r e  t h e  
m a t e r ia l  w i l l  n e e d  to  b e  r e - p u lp e d  s u c h  t h a t  e f f i c i e n t  c o n t a c t  w i t h  a i r  t a k e s  p la c e  d u r in g  t h e  
a m m o n ia  s t r ip p in g  a n d  m a n g a n e s e  o x id a t io n  s ta g e .
T h e  w a t e r  n e c e s s a r y  f o r  s u c h  a n  e x e r c is e  w o u ld  b e  p r o v id e d  b y  f i l t r a t e  r e c o v e r e d  f r o m  t h e  
f in a l  f i l t r a t io n  s ta g e .  A n y  s h o r t f a l l  in  l iq u id  v o lu m e  w o u ld  b e  m a d e  u p  t h r o u g h  f u r t h e r  r a w  
e f f l u e n t  p la n t  l iq u o r .
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A second Larox filter press stage is also assumed for the final de-watering stage prior to final 
cement and lime addition.
O ption 2 -  Larox-Be lt (refer to drawings 9801/468/11129 and 8197A)
Essentially identical to option 1 but with the final filtration step using a vacuum belt filter press 
unit already on site.
O ption 3 - C ounter Current Wash -  B e lt (refer to drawings 9801/468/11129 and 8198A)
The raining bucket counter current contactor is utilised to return manganese salts back to the 
electroplating circuit by contacting residue slurry material with wash water sourced from the 
effluent plant feed liquor. The water phase leaving the unit is returned to the electroplating unit 
via the site’s MVR evaporator. The slurry phase leaving the contactor enters the ammonia 
removal and manganese oxidation stage. A vacuum belt filter press is utilised to dewater the 
ammonia-stripped slurry prior to lime and cement addition.
O ption 4 - C ounter Current Wash -  Larox  (refer to drawings 9801/468/11129 and 8198A) 
As option 3 but with the final filtration step using a Larox style tower filter press unit.
O p tio n s -  B e lt-B e lt (refer to drawings 9801/468/11129 and 8197A)
As option 2 but with a vacuum belt filter press utilised to perform the dual functions of de­
watering raw process residues to return the filtrate back to the electroplating circuit and wash 
the filter cake materials to further recover valuable manganese salts.
O ption  6 - B e lt-La rox  (refer to drawings 9801/468/11129 and 8197A)
As option 5, but utilising a tower filter press (Larox) to perform the final filtration stage.
O ption  7 -  E nd o f  Pipe
The previously conceived ‘end-of-pipe’ inerting plant design, namely calcium oxide addition to 
filtered (but not washed) waste residue material within a dry mixing process.
V.2 BASIS FOR THE ECONOMIC EVALUATION
The quantity of wash water utilised to return soluble salts to process would be an important 
variable within each of the different process design options available. However, in order to 
ascertain the operating costs a number of factors would need to be accounted for:
■  Return value of salt materials to the EIMn Circuit;
■  Quantities of Reagent Lime and Cement needed for the Inerting Process;
■  Operating costs of MVR plant to process dilute salts streams;
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■  Transport Costs to Final Landfill Site;
■  Operating Costs/Savings associated with providing wash water that would 
otherwise require processing through the existing effluent plant.
V.2.1 RETURN MATERIAL TO EIMn CIRCUIT
Manganese, sulphate and ammonium are returned to process as soluble species. The value 
of these materials is realisable in the form of increased manganese metal yield from the ore 
and reduced reagent sulphuric acid and ammonia consumption. However, the soluble 
manganese requires further processing (electrolysis) before its value as manganese metal 
can be realised.
MMC produce manganese sulphate solutions as a saleable material. Hence the sales value 
of this material was used to account for the value of returned manganese (as M nS04). The 
ammonium and additional sulphate were accounted for on the basis of the reagent costs of 
ammonium hydroxide and sulphuric acid solutions26.
Hence, M nS04 SARX 850 per tonne
(NH4)2S 0 4 SAR 650 per tonne
V.2.2 INERTING PLANT REAGENT QUANTITIES
Lime «  Oxidation -  the laboratory test work had identified the quantity of lime required to 
raise the pH of 4 residue samples to pH 12. Each residue sample corresponded to a different 
soluble salt concentration. The manganese concentration of the pore water was thus utilised 
to linearly interpolate the lime requirement. Thus different filtration and washing efficiencies 
were accounted for. Lime (as CaO) was priced at SAR 400/tonne26.
Lime Addition »  oxidation - i.e. lime that ensures the material passes the TCLP test. From 
the laboratory test work, the lime required to reach a given pH in the TCLP test solution was a 
constant irrespective of the sample used. From these experiments, 3wt% of the final (as 
produced) residue material must be added as lime (CaO) in order to achieve a TCLP solution 
pH of 12. If the pH requirement within the TCLP test drops to pH 10 then this lime 
requirement drops to 1.4wt%.
The difference between these two figures would be the incentive to ensure manganese 
oxidation takes place to a sufficient level earlier in the inerting process. For the purposes of 
the economic assessment 3wt% of the residue material was taken as the lime requirement.
9  Manganese Sulphate is produced from the action of sulphuric acid on reduced m anganese ore. 
^ SAR -  South African Rand, 10 SAR = 1 UK£ (Jun 99)
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Cement A dd ition  - from the laboratory trials a 10wt% cement addition based on the dry solids 
content was sufficient to solidify belt filter cake equivalent material. Cement was priced at 
SAR 417/tonne26.
V.2.3 OPERATING COSTS OF MVR PLANT
MMC26 provided a figure for operating costs of SAR 24 per m3 of Papas Quarry liquor 
processed through the unit. Papas Quarry liquor is characterised as follows:
Mn : 9 500 mg/l (NH4)2S 04 : 27 500 mg/l
The MVR plant increases the concentration of manganese to levels suitable for return to the 
EIMn process circuit (i.e. Mn @ 30-32 g/l). The throughput restriction on this process is the 
heat transfer associated with evaporation.
To estimate the MVR running costs at different feed strength concentrations, the running costs 
were split between the costs associated with labour and maintenance (SAR 13/m3) and the 
electrical cost (SAR 11/m3). Since the electrical cost would be directly related to the mass of 
water evaporated, then different feed compositions to the MVR were evaluated on the total 
quantity of water evaporated''.
V.2.4 TRANSPORT & PROCESSING COSTS AT FINAL LANDFILL SITE 
A cost per tonne of material was estimated at SAR 15 based on information supplied by MMC. 
This figure represented the cost of transporting and tipping inert material at the landfill site. 
Clearly there would be fixed overheads associated with personnel etc. However, reducing the 
total volumes of material being processed would represent cost savings. Factors such as 
increased life of the landfill site were not included in this assessment.
V.2.5 EFFLUENT TREATMENT PLANT COSTS
All of the design options utilise wash water, in the form of raw effluent, to return soluble salts to 
the process. This wash water would otherwise require treatment within the site’s effluent plant 
to remove ammonia and soluble manganese. Hence the cost of otherwise treating this 
effluent was credited to the inerting plant.
v This is a simplification given that electrical power is consumed transferring material within the process 
independently of the evaporative load.
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MMC estimated the cost of running the existing effluent plant as follows26:
Fixed Cost component: SAR 5,400 per tonne Mn removed
Treatment Costs: 7.6 tonne Ca(OH)2 per tonne Mn (Ca(OH)2 at SAR 444 / ton)
Assuming that the Mn content of the effluent plant water was 700 mg/l and the total flow was 
500 m3 per day then
Fixed Cost Component 3.78 SAR per m3 of effluent processed.
(a function of operating the plant - throughput related)
Variable Cost Component: 3 374 SAR per tonne Mn removed.
(a function of Mn content - the solution strength)
V.3 RESULTS OF ECONOMIC ASSESSMENT
Section V.1 set out the range of “cleaner technology” design options proposed as a result of 
the laboratory test programme and the waste management review. Section V.2 sets out the 
methodology behind assigning economic costs and values to all aspects of the residue inerting 
process. This section summarises the findings of the economic appraisal presented to MMC. 
The purpose of the economic appraisal was to outline the opportunities available to MMC with 
a view to deciding which design configuration to develop into a detailed design.
In the graphs that follow each of the six “cleaner technology” design options considered is 
evaluated. The objective is to establish the overall cost of waste treatment and disposal. The 
primary design variable within each design option was the quantity of raw effluent utilised to 
recover soluble salts and return them to the metal production process. The greater the 
quantity of wash water used the greater the quantity of salts recovered; however the 
processing costs would increase. Hence the modelling sought to find notional optima for each 
design option considered.
The detailed breakdown of the disposal cost elements and recovery credits for the six "cleaner 
technology” options as well as the previously conceived “end-of-pipe” strategy can be found 
within Appendix B.
In the graphs that follow, the disposal costs (excluding capital considerations) are evaluated 
for each of the six "cleaner technology” design options at different wash water consumption 
rates.
Also plotted on every graph are two horizontal lines labelled E.O.P. and NT.; these represent 
respectively the disposal cost of the end-of-pipe treatment plant design previously proposed 
(calcium oxide addition only to belt filter cake) and the current disposal costs associated with 
not treating the residue material but merely transporting belt filter cake material as hazardous 
waste to the existing landfill, with no attempt to quantify the long term cost implications of
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managing such leachates.
V.3.1 CLEAN TECHNOLOGY SYSTEM CONFIGURATION USING 2 LAROX FILTER  
PRESSES
A Larox style filter press achieves a much higher dewatering efficiency than a belt filter press 
(circa 72% solids vs. 55%). Hence this system returns the greatest quantity of filtrate direct to 
the electroplating process circuits without requiring processing within an evaporator. The 
system is therefore less reliant on the use of wash water to return salts to process. 
Furthermore the final filtration step produces the least mass of material requiring final disposal 
because of its low final moisture content.
Figure 6 -  Running Costs vs. Wash Water Consumption for design Option 1
Larox/Larox System
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At the most economically optimum wash water use, some 150 tonnes per day, the larox/larox 
design option has significantly lower disposal costs than the end-of-pipe solution and is 
equivalent to the current (dispose as hazardous waste) option (shown on the graph as NT) i.e. 
a disposal cost of some 4200 SAR per day. The maximum savings associated with using 
wash water within the Larox filter presses amount to savings of 6,500 SAR per day (some 
£240,000 per annum).
V.3.2 CLEAN TECHNOLOGY SYSTEM CONFIGURATION USING A LAROX  
FILTERPRESS TO RETURN SOLUBLE SALTS AND A BELT FILTER PRESS FOR THE 
FINAL DEWATERING STAGE PRIOR TO CEMENT ADDITION.
This system relies on the site’s existing belt filter press to produce the final filter cake material 
prior to cement addition and transport to landfill. In this instance the poorer dewatering
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capability of the belt press (circa 55% solids) will be penalised by virtue of the greater 
transportation cost to landfill.
Figure 7- Running Costs vs. Wash Water 
consumption for design Option 2
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The penalty of the increased quantity of material requiring disposal is some 2,500 SAR per 
day relative to the design option that made use of the Larox filter press to generate the final 
filtercake material. However, the design concept is still significantly more economic than the 
end of-pipe solution. From MMC’s perspective the difference in capital cost between 
refurbishing the existing vacuum belt filter and purchasing a Larox style filter press for the final 
filtration duty is 9 million SAR (a payback on capital of 10 years). This is not an attractive 
proposition for MMC and hence a Larox style filter press was not considered a viable 
equipment choice for the final filtration stage.
The difference in cost savings of option 2 relative to the end-of-pipe [E.O.P] solution which 
also utilised a vacuum belt filter to produce the filter cake prior to reagent addition and landfill 
is broken down as follows:
o  Approximately 50% due to the improved de-watering efficiency of the Larox style filter 
press (to return greater volumes of filtrate); and 
o  50% due to use of wash water to further recover soluble salts, 
o  Reagent chemical costs are approximately equal.
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V.3.3 CLEAN TECHNOLOGY SYSTEM CONFIGURATION USING TWO EXISTING BELT  
FILTER PRESS.
This option utilised the production facility’s two existing belt filter presses for the filtration 
duties within the clean technology design concept. Whilst penalised by their relatively poor 
dewatering efficiencies, and therefore low salts return to direct to electroplating circuits, the 
system did represent the least capital investment of all systems under consideration.
Figure 8 - Running Costs vs. Wash Water consumption for 
design Option 5
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At the most economically optimal wash water use the belt/belt design option has disposal 
costs midway between the end-of-pipe solution and the no treatment option. However at low 
salts recovery rates (without cake washing) the disposal costs are greater than the end-of- 
pipe solution -  associated with the additional reagent costs of creating a cement matrix for the 
final material, relative to the lime only reagent requirements identified for the end-of-pipe 
solution.
The maximum savings associated with using wash water within the Belt filter presses amounts 
to 15,000 SAR per day (the difference between a net disposal cost of 27,000 SAR per day at 
zero wash water consumption and 12,000 SAR per day at 350 tonnes per day wash water 
consumption).
Comparing the optimum wash water utilised for both the belt/belt design option (figure 8 
above) and the Larox/belt system (figure 7 above) the difference in disposal costs is some 
6,500 SAR per day. From MMC’s perspective the difference in capital cost between 
refurbishing the existing vacuum belt filter and installing a new Larox style filter press for this 
duty is 10 million SAR (a payback on capital of 4 years).
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V.3.4 Clean Technology System Configuration Using A Counter Current Contactor To 
Return Salts And Belt Filter Press To Produce The Final Filter Cake Prior To Cement 
Addition And Disposal
In this configuration all waters collected from the counter current contactor would require 
additional processing via the site’s MVR evaporator prior to its reuse within the plating circuits.
Figure 9 - Running Costs vs. Wash Water consumption for design Option 3
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The counter current wash device, as modelled, demonstrated a wide range of disposal costs 
dependent upon the wash water volume utilised. To achieve the lowest disposal costs, 
significant quantities of wash water are required; much greater than the other design options 
modelled, particularly those utilising a Larox style filter press to return valuable salts to the 
electroplating circuit.
At the most cost efficient configuration the plant demonstrated disposal costs that were only 
marginally greater than the current no treatment (NT.) disposal route practised by MMC.
The capital cost of installing the counter current wash device would be approximately 2 million 
SAR greater than the cost of refurbishing the existing vacuum belt filter. On this basis the 
counter current wash device would represent a return on capital of only 10 months.
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V.3.5 SUMMARY AND SIGNIFICANCE OF ECONOMIC APPRAISAL 
Box 9 -  Summary o f Economic Evaluation
The original premise - “clean technology approaches of returning soluble manganese and 
ammonia salts would increase the efficiency of the manganese plating process whilst 
simultaneously reducing the cost and risk of residue disposal” - has been quantified and 
proven. Relative to the end-of-pipe solution originally proposed, the cost benefit of the clean 
technology approach ranges from between 9,000 and 18,000 SAR per day (£320,000- 
£640,000/yr) -  dependent upon the capital equipment items utilised. In some instances the 
disposal costs evaluated for the clean technology system were comparable to the running 
costs of the current option of disposing untreated hazardous waste to landfill.
All the clean technology design options presented a greater capital cost burden than the 
previously established end-of-pipe design solution. However this additional capital would have 
been paid back in 18 to 48 months dependent on the clean technology system chosen. Those 
clean technology plant designs therefore represented an attractive alternative investment for 
MMC relative to end-of-pipe treatment.
If MMC elected to continue to dispose of their waste as hazardous (i.e. maintain a no 
treatment processing route), then the benefits of recovering salts from waste residues could 
be realised without incurring the cost of using lime and cement to reduce the toxicity risk of the 
landfilled material. Merely improving the efficiency of the manganese plating process by 
increased salts return would reduce disposal costs by some 11,000 SAR per day (for plant 
configurations at optimal wash water consumption rates) resulting in a negative overall 
disposal cost (i.e. the landfill costs become be offset by increased manganese production 
efficiency); Put another way the cost to MMC of significantly reducing the long-term risks from 
manganese residues [by adding lime and cement] is 11,000 SAR per day (or £7.50 per tonne 
of waste solids produced -  equivalent to the landfill tax applied to wastes in the UK). The 
capital plant providing the residue inerting stage [as opposed to the salts recovery] amounts to 
some 30 million SAR (3 million pounds).
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V.4 PROJECT SUMMARY & CURRENT STATUS
The above economic appraisal was completed in December 1998 and issued to MMC. 
Despite the potential economic advantages, MMC decided to not progress any further with the 
counter current wash device -  primarily on the basis of the time delay introduced by a pilot 
scale investigation. Further doubts persisted in relation to the quantity of wash water required 
and the knock-on effect of returning undesirable components within wash water back into the 
electroplating circuit (e.g. calcium and magnesium which tend to precipitate in the EIMn circuit, 
requiring pipes and tanks to be cleaned). MMC elected to concentrate on utilising the system 
that returned the greatest salts content for the least wash water consumption; using a Larox 
filter as per design option 2.
The use of fly ash to substitute for cement was tested and found to offer significant cost and 
environmental advantages: (1) the fly ash was cheaper than cement; (2) the solidified material 
produced was much wetter and more mobile thus enabling the material to be transported 
without dust becoming an issue to residents of Nelspruit; and (3) the final material took longer 
to solidify into a rigid block thus enabling the material to be cast into large monolith blocks with 
the least surface area exposed for surface leaching.
MMC requested that RPA produce a design package based around a Larox style pressure 
filter as the means of returning soluble salts back into the process circuits. These designs 
were costed and presented to the Samancor board for capital approval in July 1999. In the 
capital request submission the running costs were not based on using wash water to return 
valuable salts from the untreated residue filter cake. Thereby omitting an identified 6,500 SAR 
per day of savings. The decision to exclude the benefits of cake washing was taken by the 
production manager, who at the time was unwilling to reduce the purge levels from the plating 
circuit. The principal removal of contaminants from the electroplating circuit (that do not 
precipitate in the Fe- or S-thickeners i.e. Ca, Mg, Cl) is via spillages routed to the effluent plant 
and in the pore water of residue belt filter cake.
Later modelling work and plant experience found that a sufficient purge capacity was available 
to accommodate cake washing, once the principle inputs of those contaminants into the 
plating circuit were stopped. The main source of those components was not raw materials [as 
the production manager has supposed] but the return of Papas Quarry Supernatant (waste 
management activity 3 in section III) -  a situation expected to cease imminently (since the site 
had almost been pumped dry). It later transpired that another company also utilised Papas 
Quarry as its disposal site; however all the liquors, regardless of origin were returned to the 
MMC site! Hence washing filter cakes was a viable process.
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The board of Samancor (who own MMC) rejected the capital approval for the clean technology 
based inerting plant design on the grounds of capital cost. The board then ordered the design 
to be subject to a value engineering exercise to reduce costs and further insisted that MMC re­
examine the option of constructing a hazardous landfill, to receive untreated residues. Their 
position was that disposing the material as hazardous was inherently cheaper from both a 
capital position and on a running cost basis.
MMC had previously investigated the use of a hazardous landfill and established that the 
loading criteria laid down in the “Minimum Requirements” of South African landfill legislation7 
would not allow such an option".
Despite a value engineering exercise that almost halved the capital cost, Samancor still 
refused to sanction the capital for an inerting plant; instead MMC started modelling a 
hazardous landfill site to establish a legal challenge to avoid the conditions of the “Minimum 
Requirements”.
South African legislation regarding the disposal of hazardous wastes dictates that the mobility 
rate of toxic constituents and their subsequent release rate into the adjacent land mass and 
ground water should govern the “hazard rating” and minimum level of protection required. 
Such an approach focuses the waste producer on the form in which the waste is disposed of 
rather than place a “blind reliance on the retentive capability of landfill liner systems”. At the 
time of writing (March 2001) it would seem that MMC have successfully argued for a 
relaxation on the risk factors inherent within the “Minimum Requirements” on the basis of 
modelling a sufficiently low flow of water through a packed column of untreated filter cake 
material. RPA have voiced concerns over the methodology behind that modelling work and 
its failure to account for the unusual properties of the dried filter cake, namely its ability to 
release pore water when subject to shear forces that one might expect to find when 
compactors drive over the material during placement.
a The toxicity of M M C ’s untreated residues is that they would be restricted to 10 tonnes of material per hectare of 
hazardous landfill. Hence 300 t/d ay production would require 30 hectares of hazardous landfill per day. Note that 
the inerted material would be suitable for disposal in a 10 hectare landfill for over 30 years before the loading criteria 
limits are breached.
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MMC are currently pressing ahead with the design of a hazardous waste landfill. MMC 
acknowledged that the cleaner technology design option offered significant capital benefits 
over the previous end-of-pipe concept. However, the capital cost of inerting the residues, 
whether by an end-of-pipe treatment option or one following the concepts of cleaner 
technology proved too expensive relative to the perceived increased risk of continuing the 
disposal of their waste materials as hazardous waste.
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APPENDIX A - LABORATORY TEST PROGRAMME
Important note, to avoid any confusion a is used to represent a decimal point when located 
between two numbers (as per standard South African and continental European notation). 
This is not true of tables generated from Excel spreadsheets which use standard Anglo-Saxon 
notation.
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APPENDIX B - ECONOMIC ASSESSMENT
The following appendix contains the design basis data for each of the six different clean 
technology design concepts when operated at a range of assumed wash water levels to return 
valuable salts to the EIMn circuits. The basis of calculating the different return water solution 
strengths is outlined in appendix C below. The economic basis for assigning costs and 
benefits to the return of salts to EIMn, the quantities of reagent lime and cement required plus 
the transportation cost is explained within section V.2 of the main document. The results are 
compiled on the basis of their relative performance to the existing salts return practice via a 
belt filter press.
This appendix also contains the calculation to evaluate the previously proposed end-of-pipe 
treatment plant using the same methodology of assigning costs and benefits.
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DESIGN BASIS DATA Option 1 Larox - Larox System
1st Filtration Stage
Slurry Feed t/day 416 416 416 416 416
Solids Portion t/day (solids) 142 142 142 142 142
Filter C ake  t/day 197 197 197 197 197
Filtrate Return t/day 219 219 219 219 219
Mn t/day 5.7 5.7 5.7 5.7 5.7
NH3-N t/day 5.3 5.3 5.3 5.3 5.3
S04 t/day 32.8 32.8 32.8 32.8 32.8
Cost via MVR SAR/day 1704 1704 1704 1704 1704
Mn Cone to MVR mg/l 26124 26124 26124 26124 26124
Washing Stage (1st Filtration Step)
ETP W a te r t/day 0 55 110 221 387
Add Press Cap. % 0% 22% 45% 90% 157%
M V R  /  E T P  return t/day 0 55 110 221 387
Mn t/day 0.0 0.6 1.0 1.3 0.0
NH3-N t/day 0.0 0.6 0.9 1.2 0.0
S04 t/day 0.0 3.7 5.8 7.5 0.0
Cost to MVR SAR/day 0 1176 2675 6126 0
Mn cone mg/l 0 11756 9111 5933 3628
or Cost to ETP SAR/day 0 0 0 0 4732
Mn Oxidation & NH3 Removal Stage
E T P  W a te r  re-pulp t/day Net 17 11 7 4 4
Lime (C aO ) pH t/day 12 8 6 5 4
2nd Filtration Stage
Filtercake Produced t/day 234 221 213 207 206
Solids Portion t/day 169 159 154 149 148
Filtrate Recovered t/day 191 198 201 204 205
Filtrate to ET P ?  t/day 0 0 0 0 0
ETP costs SAR/day 0 0 0 0 0
Cement + Lime Addition
Lime (C aO ) T C L P  t/day (max) 7.0 6.6 6.4 6.2 6.2
t/day (min) 3.3 3.1 3.0 2.9 2.9
C em ent t/day 14.3 13.5 13.1 12.7 12.6
Landfill
Total M ass Transported t/day 256 241 233 226 225
Associated Cost SAR/day 3837 3613 3490 3386 3368
ECONOMIC APPRAISAL Option 1 Larox - Larox System
System Credits
E T P  W a te r t/day 17 66 118 2 2 5 390
S A R /day 106 4 0 6 724 1384 2 3 9 8
Salts t/day Mn 5.7 6 .4 6 .7 7 .0 5.7
t/day N H 3-N 5.3 5.8 6 .2 6 .5 5.3
t/day S 0 4 32 .8 36 .5 38 .5 4 0 .3 32 .8
or t/day as M n S 0 4 15.7 17.5 18.5 19.3 15 .7
t/day as (N H 4 )2 S 0 4 24 .8 27 .6 29.1 30 .4 2 4 .8
S A R /day 29441 32781 346 18 36 1 8 4 29441
Total Credits S A R /day 29 5 4 7 3 31 87 35 3 4 2 37 5 6 8 31 8 3 9
System Debits
E T P  W a te r return t/day 0 0 0 0 387
S A R /day 0 0 0 0 4 7 3 2
M V R  Plant t/day in 219 274 329 4 4 0 219
SA R/day 1704 2 88 0 4 3 7 9 7 8 3 0 1704
Lime (m ax) t/day 18.8 14.8 12.6 10.8 10 .6
@SAR 400/t SAR/day 7520 5929 5054 4308 4228
C em ent t/day 14.3 13.5 13.1 12.7 12.6
@SAR 417/t SAR/day 5982 5634 5443 5279 5252
Landfill Transport @ S A R 15 /t S A R /day 3837 361 3 349 0 3386 3 36 8
Total Debits S A R /day 19043 18056 18366 20 8 0 4 192 85
Current Salts Return Practice on Site
Filtrate return value SA R/day 2 12 00 2 1 2 0 0 2 1 2 0 0 2 1 2 0 0 2 1 2 0 0
Net Disposal Cost for "Clean Technology" Option 1 Larox - Larox System
N et Disposal Cost S A R /day 10696 6069 4224 4436 8646
W ash w ate r utilised t/day 0 55 110 221 387
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DESIGN BASIS DATA Option 2 Larox - Belt System
1st Filtration Stage
Slurry Feed  t/day 4 1 6 4 1 6 4 1 6 4 1 6 4 1 6
Solids Portion t/day (solids) 142 142 142 142 142
Filter C a ke  t/day 197 197 197 197 197
Filtrate Return t/day 21 9 21 9 2 1 9 2 1 9 2 1 9
Mn t/day 5.7 5.7 5.7 5.7 5.7
NH3-N t/day 5.3 5.3 5.3 5.3 5.3
S04 t/day 32.8 32.8 32.8 32.8 32.8
Cost via MVR SAR/day 1704 1704 1704 1704 1704
Mn Cone to MVR mg/l 26124 26124 26124 26124 26124
Washing Stage (1st Filtration Step)
E T P  W a te r  t/day 0 55 110 221 387
Add Press C ap. % 0% 22% 45 % 90% 157%
M V R  /  E T P  return t/day 0 55 110 221 3 8 7
Mn t/day 0.0 0.6 1.0 1.3 0.0
NH3-N t/day 0.0 0.6 0.9 1.2 0.0
S04 t/day 0.0 3.7 5.8 7.5 0.0
Cost to MVR SAR/day 0 1176 2675 6126 0
Mn cone mg/l 0 11756 9111 5933 3628
or Cost to ETP SAR/day 0 0 0 0 4732
Mn Oxidation & NH3 Removal Stage
E T P  W a te r  re-pulp t/day N et 90 79 73 68 68
Lim e (C a O ) pH t/day 12 8 6 5 4
2nd Filtration Stage
Filtercake Produced t/day 30 7 28 9 2 7 9 271 2 6 9
Solids Portion t/day 169 159 154 149 148
Filtrate R ecovered  t/day 119 129 135 140 141
Filtrate to E T P ?  t/day 0 0 0 0 0
ETP costs SAR/day 0 0 0 0 0
Cement + Lime Addition
Lim e (C a O ) T C L P  t/day (m ax) 9.2 8.7 8 .4 8.1 8.1
t/day (min) 4.3 4.0 3.9 3.8 3.8
C e m e n t t/day 16.9 15.9 15.4 14.9 14 .8
Landfill
Total M ass  Transported t/day 333 314 303 294 292
Associated Cost SAR/day 4994 4703 4543 4407 4384
ECONOMIC APPRAISAL Option 2 Larox - Belt System
System Credits
E T P  W a te r t/day 90 134 184 2 8 9 4 5 4
SA R /day 551 82 5 1128 1776 2 7 8 9
Salts t/day Mn 5.7 6.4 6 .7 7 .0 5 .7
t/day N H 3-N 5.3 5.8 6 .2 6 .5 5 .3
t/day S 0 4 32 .8 36 .5 38 .5 4 0 .3 3 2 .8
or t/day as M n S 0 4 15.7 17.5 18.5 19 .3 15 .7
t/day as (N H 4 )2 S 0 4 24 .8 2 7 .6 29.1 3 0 .4 2 4 .8
S A R /day 29441 32781 3 4 6 1 8 3 6 1 8 4 294 41
Total Credits SA R /day 2 9 9 9 2 3 3 6 0 6 35 7 4 6 3 7 9 6 0 3 2 2 3 0
System Debits
E T P  W a te r  return t/day 0 0 0 0 3 8 7
S A R /day 0 0 0 0 4 7 3 2
M V R  Plant t/day in 21 9 27 4 329 4 4 0 2 1 9
S A R /day 1704 28 8 0 4 3 7 9 7 8 3 0 1704
Lim e (m ax) t/day 21 .0 16.9 14 .6 12 .7 12 .5
@SAR 400/t SAR/day 8389 6748 5845 5076 4992
C em ent t/day 16.9 15.9 15.4 14.9 14 .8
@SAR 417/t SAR/day 7040 6630 6404 6212 6181
Landfill Transport @ S A R 1 5 /t S A R /day 4 9 9 4 4 7 0 3 4 5 4 3 4 4 0 7 4 3 8 4
Total Debits S A R /day 22 1 2 7 20961 2 1 1 7 2 2 3 5 2 5 2 1 9 9 3
Current Salts Return Practice on Site
Filtrate return value S A R /day 21 2 0 0 2 1 2 0 0 2 1 2 0 0 2 1 2 0 0 2 1 2 0 0
Net Disposal Cost for "Clean Technology" Option 2 Larox - Belt System
N et Disposal Cost S A R /day 13335 8555 6625 6765 10963
W ash  w ate r utilised t/day 0 55 110 221 387
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DESIGN BASIS DATA Option 3 Counter Current - Belt System
1st Filtration Stage
Slurry Feed t/day
Solids Portion t/day (solids) 
Filter C a ke  t/day  
Filtrate Return t/day  
Mn t/day 
NH3-N t/day 
S04 t/day 
Cost via MVR SAR/day 
Mn Cone to MVR mg/l
416.3
142
416.3
142
416.3
142
No Filtration Stage
416.3
142
416.3
142
416.3
142
Washing Stage (1st Filtration Step)
E TP W a te r t/day 150 200 300 350 400 500
Add Press C ap. % <--------- ------- Not Applicable - ->
M V R  /  E T P  return t/day 150 200 300 350 400 500
Mn t/day 3.9 5.0 6.4 6.8 7.0 7.3
NH3-N t/day 3.5 4.6 6.0 6.2 6.5 6.7
S04 t/day 22.3 28.8 37.3 39.3 40.3 42.1
Cost to MVR SAR/day 871 1300 3171 4438 5922 9109
Mn cone mg/l 25750 25126 21448 19541 17619 14534
or Cost to ETP SAR/day 0 0 0 0 0 0
Mn Oxidation & NH3 Removal Stage
ETP W a te r  re-pulp t/day Net 0 0 0 0 0 0
Lime (C aO ) pH t/day 22 17 9 7 6 5
2nd Filtration Stage
Filtercake Produced t/day 361 331 293 284 279 275
Solids Portion t/day 198 182 161 156 154 151
Filtrate R ecovered t/day 56 86 124 132 137 141
Filtrate to ET P ?  t/day 56 86 124 132 137 141
ETP costs SAR/day 210 324 468 500 518 534
Cement + Lime Addition
Lime (C aO ) T C L P  t/day (max) 10.8 9.9 8.8 8.5 8.4 8.3
t/day (min) 5.1 4.6 4.1 4.0 3.9 3.9
C em ent t/day 19.8 18.2 16.1 15.6 15.4 15.1
Landfill
Total M ass Transported t/day 391 359 317 308 303 298
Associated Cost SAR/day 5871 5381 4761 4621 4542 4476
ECONOMIC APPRAISAL Option 3 Counter Current - Belt System
System Credits
E T P  W a te r t/day 150 200 300 350 40 0 5 0 0
SA R /day 921 1228 1843 2150 2 4 5 7 3071
Salts t/day Mn 3.9 5.0 6 .4 6.8 7 .0 7 .3
t/day N H 3-N 3.5 4 .6 6 .0 6 .2 6 .5 6 .7
t/day S 0 4 22 .3 28 .8 37 .3 3 9 .3 4 0 .3 42.1
or t/day as M n S 0 4 10.6 13.8 17.7 18.8 19 .3 2 0 .0
t/day as (N H 4 )2 S 0 4 16.6 21 .5 28.1 2 9 .4 30 .7 3 1 .7
S A R /day 19814 257 03 3 32 93 350 45 36 3 7 4 37551
Total Credits SA R /day 2 07 36 26 9 3 2 35 1 3 5 371 94 38831 406 21
System Debits
E TP W a te r  return t/day 56 86 124 132 137 141
S A R /day 210 324 468 500 518 534
M V R  Plant t/day in 150 200 300 350 4 0 0 50 0
SA R /day 871 1300 3171 4 4 3 8 5 92 2 9 1 0 9
Lime (m ax) t/day 33 .3 26 .5 17.6 15.7 14 .5 13 .6
@SAR 400/t SAR/day 13308 10581 7053 6263 5819 5442
C em ent t/day 19.8 18.2 16.1 15.6 15.4 15.1
@SAR 417/t SAR/day 8277 7586 6712 6514 6403 6310
Landfill Transport @ S A R 15 /t SA R /day 5871 5381 4761 4621 45 4 2 4 4 7 6
Total Debits SA R /day 285 38 25171 221 64 223 36 23 2 0 6 25871
Current Salts Return Practice on Site
Filtrate return value S A R /day 21 2 0 0 21 2 0 0 21 2 0 0 21 2 0 0 21 2 0 0 2 1 2 0 0
Net Disposal Cost for "Clean Technology" Option 3 Counter Current - Belt System
N et Disposal Cost SA R /day 29002 19440 8228 6342 5575 6450
W ash w ate r utilised t/day 150 200 300 350 400 500
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U bSIU N BASIS U A IA op tio n  4 co u n ter Current - Larox system
1st n itra tio n  titage
Slurry Feed t/day
Solids Portion t/day (solids) 
Filter C ake  t/day  
Filtrate Return t/day  
Mn t/day 
NH3-N t/day 
S04 t/day 
Cost via MVR SAR/day 
Mn Cone to MVR mg/l
416.3
142
416.3
142
416.3
142
No Filtration Stage
416.3
142
416.3
142
416.3
142
W ashing s tag e  (1s t n itra tio n  step)
E TP W a te r  t/day 15Ô 200 300 350 400 500
Add Press Cap. % < . . Not Applicable -- ->
M V R  /  E T P  return t/day 150 200 300 350 400 500
Mn t/day 3.9 5.0 6.4 6.8 7.0 7.3
NH3-N t/day 3.5 4.6 6.0 6.2 6.5 6.7
S04 t/day 22.3 28.8 37.3 39.3 40.3 42.1
Cost to MVR SAR/day 871 1300 3171 4438 5922 9109
Mn cone mg/l 25750 25126 21448 19541 17619 14534
or Cost to ETP SAR/day 0 0 0 0 0 0
mn ux ida tion  &  n h s  Kem ovai s tage
E TP W a te r  re-pulp t/day Net 0 0 0 0 0 0
Lime (C aO ) pH t/day 22 17 9 7 6 5
znd n itra tio n  stage
Filtercake Produced t/day 276 253 223 217 213 210
Solids Portion t/day 198 182 161 156 154 151
Filtrate R ecovered t/day 183 193 207 210 212 213
Filtrate to ETP? t/day 183 193 207 210 212 213
ETP costs SAR/day 690 731 782 794 800 806
ce m en t + Lime Addition
Lime (C aO ) T C LP  t/day (max) 8.3 7.6 6.7 6.5 6.4 6.3
t/day (min) 3.9 3.5 3.1 3.0 3.0 2.9
C em ent t/day 16.9 15.5 13.7 13.3 13.0 12.9
Landtm
Total M ass Transported t/day 301 276 244 237 233 229
Associated Cost SAR/day 4511 4134 3658 3550 3490 3439
bC U N U M IC  APPRAISAL up tio n  4 co u n ter cu rren t - Larox system
system  cred its
E TP W a te r t/day 150 200 300 350 40 0 500
SA R/day 921 1228 1843 2 150 2 45 7 3071
Salts t/day Mn 3.9 5 .0 6.4 6.8 7 .0 7 .3
t/day N H 3-N 3.5 4.6 6.0 6.2 6 .5 6 .7
t/day S 0 4 22 .3 28 .8 37 .3 39 .3 4 0 .3 42.1
or t/day as M n S 0 4 10.6 13.8 17.7 18.8 19.3 2 0 .0
t/day as (N H 4 )2 S 0 4 16.6 21 .5 28.1 29 .4 30 .7 31 .7
SA R/day 19814 257 03 3 32 93 3 50 45 36 3 7 4 37551
T o ta l C red its SA R/day 207 36 2 69 32 351 35 3 71 94 38831 40621
system  ueDits
E TP W a te r  return t/day 183 193 207 210 212 213
SA R/day 690 731 782 794 800 806
M V R  Plant t/day in 150 200 300 350 40 0 500
SA R/day 871 1300 3171 443 8 5 92 2 9 10 9
Lime (max) t/day 30.7 24.1 15.6 13.6 12.6 11.7
@SAR 400/t SAR/day 12286 9644 6224 5459 5029 4662
C em ent t/day 16.9 15.5 13.7 13.3 13.0 12 .9
@SAR 417/t SAR/day 7034 6446 5704 5536 5442 5362
Landfill Transport @ S A R 15 /t SA R/day 4511 4134 3 658 3550 3 49 0 3 43 9
T o ta l D eb its SA R/day 2 53 92 222 55 19538 19775 2 0 6 8 2 23 3 7 9
cu rren t sa lts  Return practice on site
Filtrate return value SA R/day 212 00 212 00 2 12 00 2 12 00 2 1 2 0 0 2 1 2 0 0
N et Disposal c o s t tor "Clean lecnnoiogy up tio n  4 c o u n ter cu rren t - Larox system
N et Disposal Cost SA R/day 25856 165 24 5602 3781 3051 — 5937'
W ash  w ate r utilised t/day 150 200 300 350 4 0 0 500
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DESIGN BASIS DATA Option 5 Belt - Belt System
1st Filtration Stage
Slurry F eed  t/day 4 1 6 .3 4 1 6 .3 4 1 6 .3 4 1 6 .3 4 1 6 .3
Solids Portion t/day (solids) 142 142 142 142 142
Filter C a k e  t/day 25 8 2 5 8 25 8 2 5 8 2 5 8
Filtrate Return t/day 158 158 158 158 158
Mn t/day 4.1 4.1 4.1 4.1 4.1
NH3-N t/day 3.8 3.8 3.8 3.8 3.8
S04 t/day 23.7 23.7 23.7 23.7 23.7
Cost via MVR SAR/day 1230 1230 1230 1230 1230
Mn Cone to MVR mg/l 26124 26124 26124 26124 26124
Washing Stage (1st Filtration Step)
E T P  W a te r  t/day 0 116 232 349 465
Add Press C ap . % assumed accomodated by existing spare capacity on belt
M V R  /  E T P  return t/day 0 116 23 2 3 4 9 4 6 5
Mn t/day 0.0 1.4 2.1 2.5 2.8
NH3-N t/day 0.0 1.3 1.9 2.3 2.5
S04 t/day 0.0 7.8 12.1 14.5 15.8
Cost to MVR SAR/day 0 2474 5628 9156 12889
Mn cone mg/l 0 11756 9111 7259 5933
or Cost to ETP SAR/day 0 0 0 0 0
Mn Oxidation & NH3 Removal Stage
E T P  W a te r  re-pulp t/day N et 55 32 20 13 10
Lim e (C a O ) pH t/day 21 13 9 7 5
2nd Filtration Stage
Filtercake Produced t/day 35 0 313 2 9 2 281 2 7 4
Solids Portion t/day 193 172 161 154 151
Filtrate R ecovered t/day 93 115 128 134 138
Filtrate to E T P ?  t/day 0 0 0 0 0
ETP costs SAR/day 0 0 0 0 0
Cement + Lime Addition
Lim e (C a O ) T C L P  t/day (m ax) 10 .5 9 .4 8 .8 8 .4 8 .2
t/day (min) 4.9 4.4 4.1 3,9 3.8
C e m e n t t/day 19.3 17.2 16.1 15 .4 15.1
Landfill
Total M ass Transported t/day 380 339 317 30 5 2 9 8
Associated Cost SAR/day 5702 5090 4754 4569 4467
ECONOMIC APPRAISAL Option 5 Belt - Belt System
System Credits
E T P  W a te r t/day 55 148 25 2 3 6 2 4 7 4
SA R /day 335 912 1550 2 2 2 2 2 9 1 3
Salts t/day Mn 4.1 5.5 6 .2 6 .7 6 .9
t/day N H 3-N 3.8 5 .0 5.7 6.1 6 .3
t/day S 0 4 2 3 .7 3 1 .5 3 5 .8 38.1 3 9 .4
or t/day as  M n S 0 4 11.3 15.1 17.1 18 .3 18 .9
t/day as  (N H 4 )2 S 0 4 17.9 2 3 .8 27 .0 2 8 .8 2 9 .8
SA R /day 2 1 2 4 7 2 8 2 7 4 3 2 1 3 9 3 4 2 6 5 3 5 4 3 4
Total Credits SA R /day 2 1 5 8 2 2 9 1 8 6 33 6 8 9 3 6 4 8 7 3 8 3 4 7
System Debits
E T P  W a te r  return t/day 0 0 0 0 0
S A R /day 0 0 0 0 0
M V R  Plant t/day in 0 116 2 3 2 3 4 9 4 6 5
S A R /day 1230 3 7 0 4 68 5 7 10 3 8 5 1 4 1 1 9
Lim e (m ax) t/day 3 1 .0 22 .4 17.6 15 .0 13 .6
@SAR 400/t SAR/day 12411 8958 7059 6014 5440
C em ent t/day 19.3 17.2 16.1 15 .4 15.1
@SAR 417/t SAR/day 8038 7176 6702 6441 6297
Landfill Transport @ S A R 1 5 /t S A R /day 5 70 2 5 09 0 4 7 5 4 4 5 6 9 4 4 6 7
Total Debits S A R /day 27381 2 4 9 2 8 2 5 3 7 2 2 7 4 0 9 3 0 3 2 3
Current Salts Return Practice on Site
Filtrate return value S A R /day 2 1 2 0 0 21 2 0 0 2 1 2 0 0 2 1 2 0 0 2 1 2 0 0
Net Disposal Cost for "Clean Technology" Option 5 Belt - Belt System
N et Disposal Cost SA R /day 27000 16942 12882 12122 13176
W ash  w ate r utilised t/day 0 116 232 349 465
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DESIGN BASIS DATA Option 6 Belt - Larox System
1st Filtration Stage
Slurry F eed  t/day 4 1 6 .3 4 1 6 .3 4 1 6 .3 4 1 6 .3 4 1 6 .3
Solids Portion t/day (solids) 142 142 142 142 142
Filter C a k e  t/day 25 8 25 8 2 5 8 2 5 8 25 8
Filtrate Return t/day 158 158 158 158 158
Mn t/day 4.1 4.1 4.1 4.1 4.1
NH3-N t/day 3.8 3.8 3.8 3.8 3.8
S04 t/day 23.7 23.7 23.7 23.7 23.7
Cost via MVR SAR/day 1230 1230 1230 1230 1230
Mn Cone to MVR mg/l 26124 26124 26124 26124 26124
Washing Stage (1st Filtration Step)
E T P  W a te r  t/day 0 116 232 349 465
Add Press C ap . % assumed accomodated by existing spare capacity on belt
M V R  /  E T P  return t/day 0 116 2 3 2 3 4 9 4 6 5
Mn t/day 0.0 1.4 2.1 2.5 2.8
NH3-N t/day 0.0 1.3 1.9 2.3 2.5
S04 t/day 0.0 7.8 12.1 14.5 15.8
Cost to MVR SAR/day 0 2474 5628 9156 12889
Mn cone mg/l 0 11756 9111 7259 5933
or Cost to ETP SAR/day 0 0 0 0 0
Mn Oxidation & NH3 Removal Stage
E T P  W a te r  re-pulp t/day Net -28 -42 -49 -53 -5 5
Lim e (C a O ) pH t/day 21 13 9 7 5
2nd Filtration Stage
Filtercake Produced t/day 268 239 2 2 3 2 1 4 2 1 0
Solids Portion t/day 193 172 161 154 151
Filtrate R ecovered  t/day 176 189 196 201 2 0 3
Filtrate to E T P ?  t/day 28 42 49 53 55
ETP costs SAR/day 107 157 185 200 209
Cement + Lime Addition
Lim e (C a O ) T C L P  t/day (m ax) 8.0 7.2 6.7 6 .4 6 .3
t/day (min) 3.7 3.3 3.1 3.0 2.9
C e m e n t t/day 16.4 14.6 13.7 13.1 12 .8
Landfill
Total M ass Transported t/day 292 261 243 234 229
Associated Cost SAR/day 4381 3911 3652 3510 3432
ECONOMIC APPRAISAL Option 6 Belt - Larox System
System Credits
E T P  W a te r t/day -28 75 183 2 9 6 4 0 9
SA R /day -1 7 3 4 5 8 1126 181 5 2 5 1 5
Salts t/day Mn 4.1 5 .5 6 .2 6 .7 6 .9
t/day N H 3-N 3.8 5 .0 5 .7 6.1 6 .3
t/day S 0 4 2 3 .7 31 .5 3 5 .8 38.1 3 9 .4
or t/day as M n S 0 4 11.3 15.1 17.1 18 .3 18 .9
t/day as (N H 4 )2 S 0 4 17.9 2 3 .8 2 7 .0 2 8 .8 2 9 .8
S A R /day 2 1 2 4 7 2 8 2 7 4 3 2 1 3 9 3 4 2 6 5 3 5 4 3 4
T o ta l C re d its S A R /day 2 1 2 4 7 2 8 7 3 2 33 2 6 6 3 6 0 8 0 3 7 9 4 9
System Debits
E T P  W a te r  return t/day 28 42 4 9 53 55
S A R /day 107 157 185 2 0 0 2 0 9
M V R  Plant t/day in 0 116 2 3 2 3 4 9 4 6 5
S A R /day 1230 370 4 6 8 5 7 10 3 8 5 1 4 1 1 9
Lim e (m ax) t/day 2 8 .5 2 0 .2 15 .6 13 .0 11 .7
@SAR 400/t SAR/day 11418 8072 6231 5219 4662
C em ent t/day 16 .4 14.6 13 .7 13.1 12 .8
@SAR 417/t SAR/day 6831 6098 5695 5473 5351
Landfill Transport @ S A R 1 5 /t S A R /day 4381 3911 3 6 5 2 3 5 1 0 3 4 3 2
T o ta l D e b its S A R /day 2 3 9 6 7 21941 22621 2 4 7 8 8 2 7 7 7 3
Current Salts Return Practice on Site
Filtrate return value S A R /day 2 1 2 0 0 2 1 2 0 0 2 1 2 0 0 2 1 2 0 0 2 1 2 0 0
Net Disposal Cost for "Clean Technology" Option 6 Belt - Larox System
N et Disposal Cost SA R /day 23920 14409 10555 9908 11024
W ash  w ate r utilised t/day 0 116 232 349 465
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Economic Appraisal for End of Pipe Treatment Plant
The previously conceived ‘end-of-pipe’ inerting plant design - calcium oxide addition to filtered 
(but not washed) residue material - was submitted to the same methodology of economic 
appraisal. Hence the “cleaner technology” approach can be appraised relative to an "end-of- 
pipe” approach.
From the figures available for the previous design, the lime usage was evaluated at 39 t/day 
for a belt-filter equivalent cake material containing 142 t/day solids removed from the EIMn 
circuit (as per the starting basis for the other six “cleaner technology” design options above)
System Credits
Residue Filtrate Return to Process from Vacuum Belt Filter:
M nS04 11.3 t/day @ 850 SAR/t
(NH4)2S 0 4 17.9 t/day @ 650 SAR/t
Total 21,200 SAR/day
System Debits
Lime Cost: 39 t/day * 400 SAR / 1 = 15 600 SAR / day
Landfill Transport Cost: 5 700 SAR / day 
Total 21,300 SAR/day
Existing Salts Return Practice on Site
Filtrate return value 21 200 SAR/day
Net Disposal Cost for “End of Pipe” Disposal Technique:
Total 21,300 SAR/day
The cost savings identified for those processes that incorporate cleaner technology principles
of material recovery were between 9000 and 18000 SAR per day, dependant upon the
process equipment items selected. The difference in cost is brought about through reductions 
in reagent and landfill costs, although by far and away the largest difference is the value of 
returned components back to process.
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APPENDIX C MODELLING DIFFERENT SALTS REMOVAL EFFICIENCIES
The following appendix details the approaches taken to model the removal of manganese, 
ammonium and sulphate in the residue materials produced by the EIMn circuit. The work was 
specifically focussed towards the use of cake washing techniques on vacuum belt filters and 
tower filter presses, and the use of a counter-current washing device. The concentrations of 
soluble components within wash waters leaving the filtration and washing stages would enable 
estimation of the evaporation requirements within the MVR plant and therefore the cost of 
returning these liquors back into the electroplating circuits -  an important factor in estimating 
the net operating costs of the cleaner technology inerting plant designs.
C.1 RATE OF FILTRATION THROUGH LAROX TOWER FILTER PRESS
In typical filtration operations, the cake gradually builds up on the filtration medium and the 
resistance to flow progressively increases. Factors on which the rate of filtration depend 
include4:
(a) The pressure drop across the deposited material and filtration medium
(b) Filtration Area available
(c) Fluid properties (viscosity)
(d) Resistance of the filter cloth and filter cake (including compressibility of the cake).
This type of filtration is referred to as cake filtration. In general, because the particles forming 
the cake material are small and flow through the bed is slow, creeping flow conditions are 
almost invariably obtained. Therefore at any one instant the flow of fluid through a non- 
compressible filter cake material is represented as4:
1 dV - A P  
A dt r  • ju-1
where, V is the volume of filtrate passed in time t; A is the total cross sectional area of the 
filter cake; I is the cake thickness; r is the specific resistance (dependant on the specific 
surface of the particles and the voidage of the filter cake) - assumed constant for a non- 
compressible cake; p is the filtrate viscosity; and AP is the applied pressure difference.
This expression assumes the cake voidage is uniform throughout - a situation which does not 
correspond to the initial cake formation stages. In the case of the Larox press, the formation
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of the cake formation time is taken directly from manufacturer’s specification - a 25mm cake of 
72% solids would be formed in 10 minutes21.
To remove soluble salts, water would be pumped into the system and passed through the 
cake. Assuming a value for the permeability of the filter cake, the time taken for a given wash 
water volume to be processed through the cake can be evaluated. This additional time 
equated to an increased filter press capacity requirement (a percentage of the 10 minute filter 
press feed cycle time), because the tower press is a batch filtration device. In this instance 
the permeability was assumed to be 3x1 O'6 m3.m"2.s"1 and the applied pressure difference is 6 
bar across a 25mm cake thickness.
C.2 CAKE WASHING -  BELT FILTER & LAROX
When the wash liquid is miscible with the filtrate and has similar physical properties, the rate of 
washing (at the same pressure difference) will be equivalent to the final rate of solids filtration. 
However channelling sometimes occurs, with the result that much of the cake is incompletely 
washed; the fluid passes preferentially through the channels, which are gradually enlarged by 
its continual passage. This does not occur during filtration because the channels are self­
sealing by virtue of the deposition of solids from the slurry.
Washing can be regarded as taking place in two stages. First, filtrate is displaced from the 
filter cake by the wash water liquid; in this way up to 90% of the filtrate may be removed. 
During the second stage, solvent diffuses into the wash liquid from the less accessible voids 
and the following relationship applies to this diffusional washing process4:
where W  is the volume of water passed; I is the cake thickness; c is a constant; Ci is the initial 
concentration of solute and Ct is the concentration of solute at a particular time.
For the purposes of modelling the salts removal from within vacuum belt filter and Larox filter 
cakes, an alternative modelling approach was utilised. This simpler mechanism was based on 
the assumption of constant efficiency of salts removal per replacement pore water volume -  a 
stage efficiency. The model attempted to simulate a “law of diminishing returns” -  the decay 
in salts removal effect with ever increasing wash water volumes.
Accordingly the following expression was utilised:
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where, r|ca|C was the calculated soluble salt removal efficiency, r|stg was an assumed stage 
efficiency (45%), W  is the volume of wash water utilised and A.e.1 was the volume of pore 
water held within the filter cake.
The model was recognised as being simplistic, since it would poorly model the effect of low 
wash water volumes when physical displacement would be the predominant mechanism for 
salt recovery. At low wash water volumes, the model would tend to under-predict the quantity 
of salt removed.
At the time of the economic assessment, no data was available to provide a more accurate 
washing efficiency estimate than the above stage efficiency approach. Subsequently MMC 
commissioned a local filtration equipment supplier, Delkor24, to undertake washing trials to 
investigate the soluble manganese recovery efficiency. The results of those trials are 
presented in comparison with the model used for the economic assessment in figure 6 below:
Figure 1012- Cake Washing for Manganese Removal
Belt Filter Cake Washing
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The washing model underestimated the level of salts removal available at the lower wash 
volume quantities. The early displacement of filtrate was poorly represented in the model used 
for the economic assessment. On the other hand had a higher stage efficiency been assumed 
in the washing model -  to accurately represent the early displacement - then the model would 
have over-estimated the salts removal efficiency at higher wash water volumes. With the 
benefit of hindsight and actual washing efficiency data a two stage modelling process would 
have proved a more effective model in representing the displacement of existing pore water 
and subsequently the diffusional mechanism that describes the movement of solute from the 
less accessible voids.
Nevertheless, using the original stage efficiency modelling approach, the following results
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were obtained for a filter cake (200 ton/day -  72% solids) produced by a Larox (tower style) 
filter press.
Given the stated limitations of the model it should be noted that the estimated final pore water 
concentrations of manganese after washing will tend to be high, thus ensuring a conservative 
economic appraisal since manganese concentration in the filter cake affects the quantity of 
lime required for the inerting process.
Table 14 - Results of filter cake wash model
Wash Water Volume t/day 55 110 166 276 387
Time Taken to process 
wash water
Mins 2 4 7 11 16
Additional Filter 
Capacity
% 22% 45% 67% 112% 157%
Final Pore Water mg/l Mn 14 350 7 900 4 350 1 320 730
Note that the starting Mn concentration in the pore water of the filter cake was 26 g/l.
C.3 COUNTER-CURRENT CONTACTOR
This device would take the residue material produced by the thickeners without the need for 
pre-filtering. Residue material would be counter currently contacted with effluent plant water. 
The equipment rotates and solids are moved through the unit by virtue of buckets, which “rain” 
the solid material through the flowing water phase. The solids leave as a slurry phase, whilst 
the wash water exits the material at the raw slurry feed end of the unit as an essentially solids 
free, high salts strength liquor. A pictorial representation of the equipment was provided in 
section V.1 of the main text.
This type of unit has been used to treat phenolic liquors, extract tar acid from carbonisation 
process distillate, desalinate organic reaction products by water washing, leach low-grade 
ores, and strip toxic components from contaminated soils.
In order to model the likely wash efficiency of such an equipment item, the following seven 
assumptions were made:
i. The composition of the solvent feed (wash water) to the system
ii. The quantity of solvent used (wash water)
iii. The composition of the residue slurry to be washed (soluble material composition 
and solids concentration)
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iv. The quantity of solids leaving the system. For the sake of simplicity it was assumed 
that the same quantity of solids were reclaimed as entered; in effect there were no 
soluble solids in the residue slurry feed.
v. The amount of liquid solvent exiting the washer
vi. The number of mixing stages available was 30 in total -  a reflection of the number
of compartments within the equipment
vii. Perfect mixing will not be achieved in each of the stages of the raining solids
contactor and hence a stage efficiency concept was utilised. A 30% approach to 
equilibrium was assumed for each compartment. A  100% approach to equilibrium
represents a fully mixed stage in which the liquid associated with the residue solids 
(i.e. the slurry) would leave at the same solution composition as the wash water 
stream. No trial data exists to confirm or otherwise the validity of this 30% 
presumption. However the stage efficiency was based on yielding a conservative 
estimate of the quantity of wash water required to remove a given quantity of 
soluble salts taken due cognisance of the residence time within each compartment.
The unit was modelled as a 30-stage counter current contactor and a mass balance was 
carried out over each stage as follows. Consider an ideal counter current stage, N:
Solvent (water)
Slurry
N+1N-1
Mass of salt in [solvent phase] : L xaN+1 
Mass of salt in [slurry phase] : S x^.., (100%-y)
Where L = mass of liquid solvent entering the stage.
S = mass of slurry entering the stage
y = wt% solids in slurry phase entering the stage [assumed constant]
xa N+1 = mass fraction of salt in solvent phase entering the Nth stage
XbN-i = mass fraction of salt in liquid fraction of slurry phase entering the Nth stage
Assuming that L and S are large relative to the amount salt transferred within a given stage. 
Hence, concentration of liquors leaving ideal stage is calculated from: 
x0 = [ L xaN+1 + S XbN_i (100%-y) ] / [ L + S (100%-y) ]
Mass of salt transferred to the solvent phase = L (xoN -  xaN+1)
Assumed mass of salt transferred to solvent phase = q L (xoN -  xaN+1)
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Where xoN = mass fraction of salt in the solvent phase leaving an ideal stage N.
H = assumed stage efficiency for mass transfer to the solvent phase.
Mass fraction of salt in solvent phase leaving stage, xaN = xaN+1 + n L (xoN -  xaN+1) / L
= xaN+i(ioo%-n) + nxoN
Mass fraction of salt in liquid portion of slurry phase leaving stage, xbN
= xbN-i + n L  (Xo -  xa N+1)/ S (100%-y)
The results from the modelling work are shown below in table 15.
Table 15- Counter Current Modelling Results
1. Slurry Phase Entering the Contactor
Flow
(total/liquid)
T/day 416/274 416/274 416/274 416/274 416/274 416/274
Mn g/i 26.1 26.1 26.1 26.1 26.1 26.1
S 0 4 g/l 149.6 149.6 149.6 149.6 149.6 149.6
n h 4-n g/i 23.9 23.9 23.9 23.9 23.9 23.9
2. Corresponding Wash Water Entering the Contactor
Flow T/day 150 200 300 350 400 500
Mn g/i 0.7 0.7 0.7 0.7 0.7 0.7
S 0 4 g/l 6.0 6.0 6.0 6.0 6.0 6.0
n h 4-n g/i 0.9 0.9 0.9 0.9 0.9 0.9
3. Corresponding Slurry Phase Exiting the Contactor
Flow
(total/liquid)
T/day 416/274 416/274 416/274 416/274 416/274 416/274
Mn g/i 12.4 8.4 3.4 2.2 1.6 1.0
S 0 4 g/l 11.4 7.8 3.3 2.3 1.7 1.2
n h 4-n g/i 72.9 49.8 21.1 14.5 10.9 7.8
4. Corresponding Water Phase Exiting the Contactor
Flow T/day 150 200 300 350 400 500
Mn g/i 25.8 25.1 21.5 19.6 17.6 14.5
S 0 4 g/l 23.5 22.8 19.9 17.8 16.3 13.4
n h 4-n g/i 148.6 144.0 124.2 112.4 100.8 84.1
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APPENDIX D - SOLIDIFICATION I STABILISATION TO MINIMISE 
ENVIRONMENTAL LIABILITY?
Case Study 4 considered the implementation of clean technology approaches to the issue of 
residues generated from the electroplating of manganese metal, in which these residues are 
solidified prior to ultimate disposal to landfill. The economic incentive for adopting such a 
scheme was proven through the application of the results of a revised laboratory test 
programme. A key finding from the laboratory work was the realisation that soluble 
manganese is not detected within the TCLP test if the acid leach conditions within the test are 
neutralised by the excess hydroxide (as lime) within solidification mixes.
This separate appendix of the case study examines the issue of manganese stability within 
solidification processes and particularly cement based matrices. The discussion is made with 
reference to the South African regulations covering materials sent to landfill -  The Minimum 
Requirements7.
According to the US EPA29, there are four primary objectives of waste treatment prior to 
ultimate disposal: (i) improvement of handling and physical characteristics of the waste; (ii) a 
decrease in the surface area across which contaminant transport can occur; (iii) limiting the 
solubility of the contaminants; and (iv) detoxification of toxic constituents. It is widely 
considered that solidification and stabilisation (S/S) is a technology that satisfies those 
requirements25.
D. 1 CHEMISTRY OF CEMENT AND POZZOLAN SETTING
Ordinary Portland Cement (OPC) is manufactured by the firing of limestone and clay or other 
silicate mixtures at high temperatures. The result is a mixture of tricalcium silicates, dicalcium 
silicates, tricalcium aluminates and an aluminoferric phase. Gypsum (5 wt%) is subsequently 
added to the cement to retard the rate of setting. The cement clinker is ground to produce a 
fine cement powder19.
Combining cement and water produces a complex system of reactions that result in a 
hydrated crystalline structure. The chemistry behind these reactions is still poorly defined19. 
However, the following reaction mechanism represents a commonly quoted simplification27:
>  The reaction of the di- and tricalcium silicates in cement with water to form tobermorite gel 
and calcium hydroxide:
2 (3 CaO.Si02) + 6 H20  -> 3 CaO. 2S i02.3H20  + 3 Ca(OH)2
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2 (2 CaO.Si02) + 4 H20  ^  3 CaO. 2S i02.3H20  + Ca(OH)2
>  Calcium hydroxide and water then react with the tricalcium aluminates and the 
aluminoferric phase within cement to form hydrates of these compounds:
The minerals of portland cement are not the only source of calcium silicate, calcium aluminate 
and other substances which when hydrated are recognised for their cementitious properties. 
There are many natural and industrial materials (pozzolans) having the siliceous and 
aluminous compounds that will combine with lime (calcium hydroxide) in the presence of 
moisture at ordinary temperature, in a reaction which is known as pozzolanic.
In situations where pozzolans are added to cement, the free silica and alumina will react 
further with the calcium hydroxide released in the hydration of the di- and tricalcium silicates28.
Pozzolans such as fly ash, silica fume and blast furnace slag are waste products containing 
large amounts of fine-grained non-crystalline reactive silica and alumina30. The continued 
growth of hydrate products within a cement matrix caused by the addition of such pozzolanic 
material results in a reduction in the continuity of the pores which may reduce permeability and 
improve strength of the product. Pozzolans are also noted as effective sorbents for waste 
materials and have been shown to reduce the leaching of metals31.
D.2 CONTAINMENT MECHANISMS IN CEMENT BASED SOLIDIFICA TION /
STABILISATION (S/S)
Cement and pozzolanic S/S relies on the incorporation of the waste within the crystalline 
matrix formed during cement setting. The waste is generally assumed to be retained in either 
of two ways20. Metal ions within the waste may be chemically bound within the crystal 
structure. Since aluminium, calcium and silicon have similar coordination numbers to the ions 
of chromium, iron, magnesium, nickel and zinc, it has been hypothesised that these metals 
and others may replace any one of those metals normally constituting the crystal structure29.
The second mechanism presented to explain the containment of wastes is that of physical 
entrapment within the pores of the cured cement product -  a physical barrier to water 
movement from the environment through the material. A further perspective is to consider the 
capillary pores within the S/S product; if these are fine enough the physical movement of water 
through the block will be restricted by virtue of the capillary pressure within these pores.
A further mechanism, and one that almost certainly applies in the instance of stabilising 
manganese residues, centres on the alkaline substrate within cement : Ca(OH)2 which is
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released from the cement hydration reactions. Therefore a number of mobile inorganic 
substances (e.g. lead, zinc, chromium or cadmium) present in the pore solution of a cement- 
based structure will precipitate as hydroxides in the alkaline conditions found within the 
cement matrix30. Thus wherever these alkaline conditions persist, the mobility of these metal 
species will be restricted, given their low solubility at the pH of the pore solution".
D.3 INDICA TORS OF SOLIDIFICA TION /  STABILISA TION
Three common parameters are used for the quick laboratory-scale acceptance of a treatment 
method20: structural strength of the cementitious matrix; the liquid permeability of the cement- 
waste composite; and the leach potential of hazardous constituents.
D.3.1 UCS
If a S/S product within a landfill is considered as a macro granular composite, then its integrity 
is dictated by the binding strengths of the cemented product and the distribution of stresses to 
which the monolith is subjected. Any mechanical failure of the structure due to crack 
formation and propagation will disturb the flow of leachate through the matrix and increase the 
rate of leachate flow through the structure.
D.3.2 Permeability
Permeability is a measure of the extent to which liquid (e.g. rain water) will be able to 
percolate through the solidified end product when placed in a landfill site. Generally, the 
higher the permeability, the greater the opportunity for mobilization of toxic constituents 
present.
D.3.3 Leaching Tests (TCLP)
Laboratory leaching tests are used to resolve the inherent kinetics of the leaching behaviour of 
the waste. The difficulty with any laboratory based test is to how the leach propensity within 
the test actually relates to the conditions found within a landfill. The most commonly used test 
in the evaluation of wastes and S/S end products is the US EPA’s Toxicity Characteristic 
Leach Procedure (TCLP).
D.4 TCLP & ACID LEACH TESTS - “WHAT CONSTITUTES INERT MATERIAL?”
The mere presence of a chemical substance does not ipso facto imply a detrimental effect. 
When safety to any form of life is the objective, it is the quantity involved, the manner and
01 Cohen30 in studies of S /S  of Ferro-Alloy solid waste materials found a typical pore solution pH of 10.5 in cem ent 
based S /S  products
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condition of use, and the susceptibility of the receiving organism which combine to determine 
the degree of hazard or safety13.
For all chemicals (except certain carcinogens), the relationship between risk and exposure is 
defined by the dose-response relationship, which may indicate an acceptable exposure 
concentration.
Under South Africa’s Minimum Requirements6,13, the stated aim for hazardous waste disposal 
is to “exert subtle and reasonable controls to make disposal acceptable”, rather than "ban 
chemicals from disposal into the environment”. To achieve this stated aim, the Department of 
Water Affairs & Forestry (DWAF) sets out 3 actions that must be performed in order to 
ascertain that a given disposal option is acceptable:
a) Agree a concentration or level of exposure in the environment as representing an 
acceptable risk, according to sound toxicological principles;
b) Estimate and quantify an environmental concentration (EEC) resulting from a 
compound introduced into the environment; and
c) Apply a) and b) to ensure that individuals and communities will not be exposed to an 
unacceptable risk.
In South Africa, the pathway of exposure used by the DWAF to quantify risk to man and the 
environment, is the aquatic environment, measured as L C ^ . Statistically, 1/10lh of the LC5o 
value of chemicals (with similar dose response slopes) will result in a mortality incidence of 
one in three hundred thousand in the aquatic environment13. Such a risk, being extremely low, 
is believed by the DWAF to be acceptable. In the DWAF procedures, the estimated 
environmental concentration (EEC) is based on the risk posed by a volume/mass of a waste, if 
disposed directly into a body of water. The resultant concentration is compared to 1/10th the 
LC50 to indicate the possibility of an acceptable or unacceptable risk.
The Estimated Environmental Concentration (EEC) is based on the total concentration of a 
hazardous substance if released into an aquatic environment. In waste disposal to landfill, the 
procedure involves the calculation of the total amount of contaminant in a waste stream 
disposed of per unit area of the landfill site, and estimating the resultant concentration in a 
body of water should the total amount of contaminant leach to ground water over an indefinite 
period of time. However, not all of a hazardous substance in a waste stream will necessarily 
leach out into the environment. It is argued that there could be cases where it may be 
considered that the hazard rating based on the EEC is too conservative6,13.
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In such cases, tests such as the toxicity leach procedure (TCLP) or the Acid Rain test are 
used to determine the amount of a hazardous substance that will leach out of the waste 
stream, thus leading to a revised EEC calculation.
The TCLP test is used where wastes are co-disposed in a landfill with domestic waste or other 
hazardous wastes containing organic matter that could generate organic acids. The TCLP 
procedure simulates the dissolving action of the organic acid leachate formed in such a 
landfill. It can be used to determine the mobility of organics and inorganics in liquid, solid and 
multiphase wastes10. The TCLP procedure determines the solubility of hazardous elements or 
compounds. The procedure is considered particularly useful for evaluating the residues or 
products of wastes after solidification or other waste treatment technologies.
In many cases, however, hazardous wastes are mono-disposed in “dedicated” landfill sites. 
Typical examples of such wastes would include the slags and sludges from mineral extraction 
and metal manufacturing industries (particularly in South Africa). Leaching in such sites would 
be more likely to result from acidic rainfall rather than organic acids produced within the 
landfill. In such instances the Acid Rain extraction method is preferred to the TCLP method.
The TCLP procedure (for solid waste material) involves reducing the particle size to less than 
9.5mm followed by leaching within a tumbling vessel with an amount of extraction fluid equal 
to twenty times the weight of the solid sample. In the TCLP test, the selection of extraction 
fluid is a function of the material’s alkalinity; for the most alkaline materials such as 
manganese residues produced by lime addition, the extraction fluid would be a mixture of 
glacial acetic acid at pH 2.9; less alkaline waste materials are leached in a glacial acetic acid 
and sodium hydroxide solution at pH 4.9. The resultant extraction fluid and solid sample 
mixture are tumbled for twenty hours, and the resultant liquid phase is analysed for metal 
concentrations. In the Acid Rain test, the extraction fluid comprises a mixture of carbonic and 
nitric acid at pH 3.7*. Further details of the TCLP and Acid Rain leach procedures can be 
found in references 10 and 13.
D.5 STABILISA TION OF MMC’S MANGANESE RESIDUE
A hazardous waste or waste stream may consist of any number of different substances and 
compounds. In accordance with the precautionary principle, it is the most hazardous 
substance and its concentration that determines the method of disposal. Since a single
x LC5o - Is a statistical estimate of the amount of a chemical that will kill 50%  of a given population of aquatic 
organisms under standard control conditions. The LC50 is expressed in mg/l.
^ Carbonic acid is used to represent the fact that atmospheric carbon dioxide dissolves in rain water. The carbonic 
acid could immobilise organics or inorganics in the waste.
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substance can determine the hazard rating, treatment can be used to reduce the hazard of the 
substance. Thereafter, the next most hazardous substance will determine the hazard rating. 
Treatment to lower the toxicity of a hazardous waste by changing its chemical nature is the 
prime objective of immobilisation: converting a hazardous waste into an inert, physically stable 
material9. The belt filter residue produced by manganese metal production contains 
appreciable quantities of metals, which according to their toxicology, concentrations and total 
load would classify the materials as extremely and highly hazardous (under the framework of 
classification by DWAF). Manganese metal concentrations are considered a key 
environmental concern.
D. 5.1 Stabilisation o f Filter Residues
The Minimum Requirements set out by the DWAF6 state the objectives of waste classification, 
primarily the selection of a suitable disposal route. The Minimum Requirements also provide 
for the de-listing of wastes when the teachability, and therefore the mobility of the waste, could 
be restricted. The Minimum Requirements stipulate the TCLP (or Acid Rain) test for 
determination of the leachability of constituents of waste material. The results of this leach are 
then used to calculate an Estimated Environmental Concentration (EEC). For MMC’s treated 
residues the leach test results (using Acid Rain) demonstrated a teachable manganese 
content of <0.1 mg/l. The calculation procedure for applying this result to the DWAF’s 
“Minimum Requirements” is set out below:
Manganese, Mn 
Risk Considerations
1. Teratogenicity7 negative (not applicable)
2. Carcinogenicity71 negative (not applicable)
3. Acute Toxicity LC5o = 3.0 mg/l = Highly Hazardous
(Category 2 Waste)
Acceptable Risk = 1/10th * 3.0 mg/l = 0.3mg/l (or 300 ppb)
EEC Calculation
Monthly Waste Tonnage 300ton/day * 365day/yr / 12mon/yr = 9 125 ton/mon 
10 Hectares
912 500 kg/hectare/month
0.1 mg/kg (from Acid Rain Leach test)
912 500 (kg/ha/mon) * 0.1 (mg/kg) /1000  (mg/g) 
91.2 g/ha/mon
Area of Waste Dump 
Waste Dump Rate
Leach Concentration 
Manganese in Stream
Y Teratogens are substances which have the capacity to cause birth defects 
■H Carcinogens are substances or agents which produce or incite cancer.
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EEC" (ppb) = dose (g/ha/mon) * 0.66 (EEC factor)
Estimated Environmental Cone Mn = 0.66 * 91.2 = 60.2 ppb
The acceptable manganese risk level is SOOppb. Under the framework of South African 
legislation Highly Hazardous materials (hazard rating 2, for example Manganese) can be 
delisted to general waste if EEC is below the acceptable risk. Once the material is classified 
as general waste, the less onerous containment precautions and monitoring protocols for 
general landfill sites apply. For example consider the specification for the landfill’s liner 
design:
Figure 5 - General Landfill Liner Design34
B LAYER
B LAYER _  6 0 0 m m  COM PACTED CLAY 
LINER (  IN 4  X 1 5 0 m m  LAYERS )
B LAYER 
B LAYER / Z  
F LAYER GEOFABRIC LAYER
A hazardous landfill site is characterised by a more complex (and expensive) liner system that 
requires a flexible membrane layer (FML) and additional clay and sand layers.
In the laboratory tests undertaken during the testing program, a clear correlation was identified 
between the neutralising capability of the test sample and the total soluble manganese. 
Although the oxidation of the manganese residues to withstand more acidic leach conditions 
was considered a feature, the step was not proven to be significant within the experimental 
solidification mixes. It was therefore necessary to add large quantities of lime to keep the 
soluble manganese low enough for the waste to be delisted as general waste.
a  This E EC  factor of 0 .66 is derived from the ratio of the substance in a weight of underground body of w ater13. By 
inference the EEC factor has units of Ha.m onth.ton1
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Figure 6 - Hazardous Waste Landfill Design34
A LAYER
A LAYER
B LAYER
B LAYER
B LAYER
B LAYER  
F LA Y E R - 
D LAYER  
E LAYER  
C LA YER- 
B LAYER
B LAYER  
G LAYER
CTTTJ
C K O . 0 7 0 . 7 0
WASTE BODY
3 0 0 m m  LEACHATE CO LLECTIO N LAYER
6 0 0 m m  CO M PACTED CLAY  
LINER (  IN 4  X 1 5 0 m m  LAYERS )
-G E O FA B R IC  LAYER
1 5 0 m m  LEAKAGE DETECTION &  C O LLE C TIO N  LAYER  
1 0 0 m m  SAND C U S H IO N  LAYER  
- 2 m m  FM L .
“ I 300mm CO M PA CTED  CLAY 
J  LINER  (  IN 2 X 150mm LAYERS )
150mm BASE PREPARATIO N LAYER  
IN -S IT U  S O IL
What follows now is a brief discussion on the merits of the TCLP test and the South African 
DWAF procedure for delisting hazardous waste. The discussion is presented in the form of a 
table.
Table 16- Discussion as to the merits o f the TCLP & DWAF Approach
A Leachate to Solid Ratio of 20:1 within TCLP test provides 
a sufficiently worst case scenario.
"  For X  A ga ins t
A 10 hectare site with 900mm annual 
rainfall26 equates to 90,000 m3 of rainfall 
per annum. If the landfill site has a life of 
15 years and produces waste at 250 
tonnes of solid per day then the total waste 
deposited would amount to 1.35 million 
tonnes. It would therefore take 150 years 
for the equivalent rainfall to have contacted 
the waste material to give the 1 in 20 ratio 
used in the TCLP. Hence using any 
greater ratio would seem unnecessarily 
onerous.
In addition the landfill site is in a net 
evaporation area where an estimated 1800 
mm per year of water could be evaporated. 
Hence much of the rainfall will evaporate 
before percolating through the solidified 
waste material.
The concentration in the TCLP leach solution is 
used in the risk calculation. The quantity of 
teachable material per unit mass of solidified 
material is therefore 20 times this value. 
However, it is the TCLP value that is 
nonetheless utilised.
In risk calculations for the DWAF where a TCLP 
test is not used then it is the total content of 
material present in the waste material that is 
utilised. Therefore performing a TCLP test as a 
default would always improve the risk 
assessment in favour of solidified materials 
irrespective of the effectiveness of the 
solidification process.
The TCLP test as it is applied in South African 
legislation makes no reference to re-testing the 
material through a series of leach cycles.
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150 years is not a long time in geological terms 
- although it would be unlikely that the waste 
producer would still exist as an enterprise after 
such an interval.
Crushing the Material in the TCLP Provides 
a sufficiently worst case scenario.
^  For X  A ga ins t
In the test the material is crushed below 
9.5mm and then tumbled with the leachate 
solution for 24 hours.
In the landfill the material would be cast 
into monolith blocks with low water 
permeability (<10"9 m/s), so that rainfall 
would be encouraged to flow around rather 
than through the waste body.
The crushing technique may be deemed 
inappropriate in this instance and instead a 
surface leach test should be considered.
Once the material is placed within the landfill, 
vehicle movement and/or geological effects may 
contribute to the formation of crack propagation 
within the solidified monoliths.
Those cracks would eventually create pathways 
through the blocks for water movement. Hence 
some form of crushing to increase the rate of 
mass transfer within the leach test would appear 
valid.
Carbonic and nitric acid used to mimic Acid Rain 
is reasonable given the location.
^  For X  A ga ins t
The landfill site would be dedicated to 
inorganic waste materials. Hence the use 
of an organic acid to simulate the leaching 
conditions would be inappropriate.
The acid rain is caused primarily through 
combustion processes - notably electricity 
generation via coal combustion. There 
may even be a case for including sulphuric 
acid within the leach solution given the 
sulphur content of the coal.
Atmospheric oxygen will be absorbed into 
the acid rain solution percolating through 
the landfill. This may oxidise manganese 
into more stable forms. However, the 
leach solution used is not saturated with 
dissolved oxygen.
Eventually within the landfill any free lime within 
the solidification mix would be neutralised by 
acid rain. The choice of carbonic acid and nitric 
acid to simulate the neutralising process is 
therefore to an extent irrelevant, if one makes 
the assumption that the solubility of manganese 
is dictated solely by pH conditions.
Atmospheric pressure changes will “pump” 
carbon dioxide gas into the landfill, which in turn 
would be absorbed into the water percolating 
through the landfill. This carbon dioxide will 
react with the lime content of the waste, forming 
calcium carbonate solid and then soluble 
calcium bicarbonate.
One could argue that the TCLP test solution 
should simulate this action by bubbling air 
through the mixture during the actual test.
D.5.2 Summary
South African legislation regarding the disposal of hazardous wastes dictates that the mobility 
rate of toxic constituents and their subsequent release rate into the adjacent land mass and 
ground water should govern the "hazard rating” and minimum level of protection required. 
Such an approach focuses the waste producer on the form in which the waste is disposed of 
rather than place a “blind reliance on the retentive capability of landfill liner systems”. Clearly 
this approach has merits.
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Where recycle or reuse initiatives for wastes are not possible for either technical or economic 
reasons, the emphasis shifts toward responsible waste management practices. Solidification 
and stabilisation can provide an effective ‘treatment’ technology.
An acid leachant passing through a waste block in a landfill will slowly start to attack the 
cement matrix and cause a slow breakdown of the structure. As the cement matrix breaks 
down the S/S end product will become more permeable -  the rate of leaching will increase 
and the strength of the product will decrease. In the instance of manganese waste residues 
resulting from acid leaching of a reduced ore, the reliance on an alkaline leach environment 
appears to be key.
The use of a TCLP test within the legislative framework has its merits; however the modelling 
of the long-term process within a landfill must be an essential part of assessing the 
effectiveness of an S/S application.
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